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I.  EXECUTIVE  SUMMARY 


During  the  period  of  this  contract,  October  1, 1986  to  October  1, 1990,  scientists  at 
the  Marine  Physical  Laboratory  of  the  Scripps  Institution  of  Oceanography,  UCSD,  pur¬ 
sued  investigations  of  problems  in  physical  oceanography  ranging  in  depth  from  acoustic 
noise  fields  at  the  surface,  to  studies  of  low  frequency  noise  fields  at  the  deep  sea  floor. 

The  spectrum  of  scientific  topics  included  ocean  measurements  of  the  Newtonian 
Gravitational  Constant,  theoretical  studies  of  internal  wave  dynamics  and  investigations  of 
acoustic  questions  related  to  the  performance  of  the  SEABEAM  bottom-mapping  sonar. 
While  the  MPL  program  emphasized  acoustic  problems,  interactions  with  geology  and  me¬ 
teorology  were  also  studied,  as  well  as  physical  dynamics  and  oceanic  gravimetry. 

The  diversity  of  scientific  disciplines  represented  in  the  MPL  scientific  staff  contin¬ 
ues  to  produce  innovative  approaches  to  the  investigation  of  problems  important  to  the  ad¬ 
vancement  of  Navy  capabilities  in  undersea  warfare. 
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Surface  Generated  Noise  Under  Low  Wind 
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Speed  at  Kilohertz  Frequencies 
E.  C.  Shang  and  V.  C.  Anderson 
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Surface-generated  noise  under  low  wind  speed  at  kilohertz 
frequencies 

E.C.  ShangandV.C.  Anderson 

Marine  Physical  Laboratory,  Scripps  Institution  of  Oceanography,  University  of  California,  San  Diego. 
California  92152 

(Received  1 1  October  1984;  accepted  for  publication  7  January  1986) 

Some  experimental  observations  of  the  ocean  surface  under  low  wind  speed  conditions,  carried 
out  with  the  high  gain  acoustic  distribution  array,  ADA,  indicate  that  bubbles  may  play  an 
important  role  in  the  noise  generating  mechanism  in  this  wind  speed  regime.  One  of  the 
mechanisms  discussed  in  the  theory  is  that  of  bubble  collapse  in  the  surface  turbulence  layer  as 
first  proposed  by  Furduev  [Atmos.  Ocean.  Phys.  2, 314  ( 1966)  ].  Under  typical  ocean  conditions, 
low  wind  speeds,  and  the  available  bubble  population  data,  the  calculated  noise  level  agrees  well 
with  experimental  results,  both  in  magnitude  and  in  the  shape  of  the  spectrum.  The  spectrum  has 
a  peak  in  the  frequency  range  of  100  to  1000  Hz  and  an  or 2  behavior  at  high  frequencies.  Several 
geophysical  parameters  could  influence  the  noise  generation.  Locat  wind  speed  probably  controls 
the  population  of  bubbles,  and  swell-induced  static  pressure  variations  could  play  an  important 
role  in  the  critical  turbulence  pressure  for  bubble  collapse.  There  seems  to  be  further  evidence  that 
additional  structure  within  the  water,  perhaps  bubble  density  associated  with  different  water 
masses,  generates  a  patch  type  of  distribution  on  the  sea  surface  in  the  low  wind  speed  situation. 

PACS  numbers:  43.30.Lz,  43.30.Nb,  92.10.Vz 


INTRODUCTION 

For  almost  half  a  century,  since  the  time  of  Knudsen’s 
experimental  measurements,  it  has  been  recognized  that  the 
surface  winds  play  a  dominant  role  in  the  generation  of  am* 
bient  noise  in  the  ocean  in  the  kilohertz  frequency  region.  In 
spite  of  the  large  amount  of  research  that  has  gone  on  in  the 
interim,  the  actual  mechanisms  of  noise  generation  have  not 
been  clearly  identified.  That  is  not  to  say  that  there  has  not 
been  any  thought  given  to  the  question.  Kerman  (1984)  pro* 
vides  an  excellent  review  of  the  work  that  has  gone  on  in 
attempting  to  identify  these  mechanisms.  He  emphasizes 
particularly  the  kilohertz  region  and  wind  speeds  above  the 
critical  speed,  that  speed  for  which  the  friction  velocity  ex¬ 
ceeds  the  minimum  phase  velocity  in  the  wave  spectrum  that 
lies  between  the  capillary  and  gravity  wave  regimes.  The 
formation  of  white^aps  and  the  associated  bubble  excitation 
or  the  occurrence  of  spray  are  obvious  mechanisms  that  oc¬ 
cur  in  the  higher  wind  speed  region  where  waves  are  generat¬ 
ed  with  sufficient  amplitude  to  cause  rupture  and  breaking  of 
the  crests.  However,  for  wind  speeds  below  this  (approxi¬ 
mately  5.5  m/s  at  a  standard  height  of  10  m)  there  is  no 
obvious  noise-generating  mechanism,  and  yet,  experimental 
measurements  of  ambient  noise  indicate  that  noise  does  ex¬ 
ist,  and  is  wind  speed  dependent  at  these  lower  wind  speeds. 

One  of  the  problems  in  data  that  has  been  taken  in  the 
low  wind  speed  case  is  that  in  many  instances  the  measure¬ 
ments  are  contaminated  by  noise  sources  other  than  the 
wind  generated  surface  noise.  Consequently,  the  indication 
of  the  dependence  of  noise  level  on  wind  speed  in  this  region 
is  quite  uncertain.  For  example,  Kerman  ( 1984)  in  his  Fig. 
2,  which  is  a  composite  of  data  from  several  sources,  shows  a 
third  power  dependence  for  low  wind  speed  based  on  Evans 
and  Watts  ( 1981  >  but  an  indication  of  a  lower  power  depen¬ 
dence  for  the  other  sources.  By  way  of  contrast,  shallow  wa¬ 


ter  measurements  reported  by  WilleandGeyer  (1984)  show 
essentially  no  dependence  on  wind  speed  for  the  minimum 
spectrum  levels  at  kilohertz  frequencies  in  the  comparable 
wind  speed  region  (wind  speed  below  6  kn). 

The  diversity  of  wind  speed  characteristics  is  illustrated 
in  Fig.  I  where  wind  speed  data  from  several  authors  have 
been  combined.  The  data  are  normalized  to  a  reference  level 


FIG.  1.  Wind  speed  dependence  of  surface  noise,  various  authors'  Cato 
(1979),  Morrii  { I97S),  Perrone  (1969),  Wenz  ( 1962),  Will*  and  Geyer 
(1984). 
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at  10  m/s.  The  slopes  range  from  u°  for  Wille  and  Geyer  to  u4 
for  shallow  water  data  from  Wenz  ( 1962).  The  ADA  data 
come  from  the  same  data  set  as  that  of  Figs.  3  and  4.  For  this 
data  set  a  significantly  higher  slope,  approximately  u\  is 
observed  for  data  from  a  beam  directed  toward  the  surface 
which  preferentially  receives  the  surface-generated  noise, 
than  for  that  from  an  individual  element  which  has  a  broad 
cardioid  response  directed  horizontally  and  is  responsive  to 
noise  sources  not  located  at  the  surface. 

Without  some  degree  of  confidence  in  the  power  law 
dependence  on  wind  speed  or  some  visible  manifestation  of 
the  mechanism,  it  is  difficult  to  ascertain  what  thereal  sound 
generating  process  is. 

In  this  paper  we  will  present  some  of  the  clues  of  an 
indirect  nature  which  relate  to  the  low  wind  speed  condition 
and  also  introduce  conjectures  as  to  the  mechanism  or  mech¬ 
anisms  which  could  be  generating  the  noise.  The  wind  speed 
dependence  of  the  noise  intensity  given  by  the  theoretical 
analysis  in  the  present  paper  is 

I~u*  (or  =  3.0  to  4.5). 

I,  EXPERIMENTAL  OBSERVATIONS 

The  two  data  sets  shown  here  were  collected  with  the 
large  Acoustic  Distribution  Array  (ADA)  illustrated  in 


Fig.  2.  This  array  is  described  in  considerable  detail  in  an 
earlier  paper  (Anderson,  1980).  It  is  an  array  which  has  a 
planar  aperture  of  roughly  20  by  5  m,  filled  with  approxi¬ 
mately  700  cardioid  hydrophone  units.  Contained  within  the 
pressure  case  is  a  digital  DIMUS  beamformer  which  filters 
and  hard  limits  theset  of  hydrophone  signals  and  then  trans¬ 
forms  it  into  a  set  of  directional  beams.  These  beams  cover 
one  full  hemisphere,  formatted  in  subsets  of  constant  eleva¬ 
tion,  with  shoulder  to  shoulder  beams  in  each  elevation  sub¬ 
set  covering  ±  90  deg  in  azimuth. 

The  first  data  set  was  taken  in  September  1979  at  a  very 
opportune  time  when  the  wind  speed  changed  from  an  initial 
valueof  about  2  m/s  in  a  quite  linear  manner  up  to  6.5  m/s  as 
shown  in  Fig.  3.  The  hydrophone  signals  were  filtered  to  a 
200-Hz  band  centered  at  1 200  Hz.  During  this  run  the  array 
was  moored  at  a  depth  of  about  300  m  below  the  surface  in 
3600-m-deep  water.  In  Fig.  4  the  original  beam  data  have 
been  interpolated  to  reformat  them  into  a  display  that  maps 
uniform  linear  displacement  on  the  ocean  surface  to  a  uni¬ 
form  linear  displacement  in  the  figure.  Thus,  a  constant  ve¬ 
locity  track  on  the  ocean  surface  will  appear  as  a  straight  line 
with  the  appropriate  slope.  Two  such  tracks  are  identified  in 
Fig.  4(a)  with  slope  magnitudes  of  1.0  and  4.4  m/s. 

The  top  portion  of  the  figure  shows  the  *$tart  of  the  linear 
increase  in  wind  speed.  In  interpreting  the  data,  it  should  be 


FIG.  2.  Artist's  rendering  of  ADA,  scoustic  distribution  «rrsy 

965  J.  Acoust.  Soc.  Am.,  Vol.  79.  No,  4,  April  1966  EC  Shang  and  V.  C  Anderson:  Surface  noise  at  low  wind  speed  965 
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TIME  <h» 

FIG  ^  Wind  ipeed  and  direction  versus  time  for  data  of  Fig  4. 


pointed  out  that  the  array  itself  was  located  almost  a  kilome¬ 
ter  away  from  the  surface  platform  ORB  (Ocean  Research 
Buoy)  on  which  the  wind  speed  sensor  was  mounted.  Thus, 
there  could  be  a  significant  time  lag  between  the  wind  speed 
effect  evidenced  on  the  acoustic  record  and  that  recorded  at 
ORB.  Further,  it  should  also  be  noted  that  the  display  has 
been  normalized  to  constant  total  power  by  the  inherent  nor¬ 
malization  of  the  DIMUS  beamformer  and  by  the  image 
enhancement  algorithm  used  in  generating  the  display  from 
the  raw  beamformer  data.  In  the  early  part  of  the  record  the 
ambient  noise  level  is  quite  low  corresponding  to  the  very 
low  wind  speed.  The  sea  at  this  time  was  glassy  smooth. 
Three  horizontal  bands  can  be  seen  at  the  early  part  of  the 
record.  These  are  caused  by  distant  shipping  noise  (beyond 
our  40-mi  radar  range)  entering  through  the  sidelobes  of  the 
beams.  As  the  wind  speed  increases  with  time  these  bands 
are  suppressed  by  the  rising  ambient  wind  generated  noise 
level. 

The  features  of  interest  are  the  diagonal  tracks  having  a 
slope  comparable  to  the  4.4-m/s  slope  drawn  on  the  figure. 
This  velocity  corresponds  to  the  group  velocity  of  gravity 
waves  with  a  6-s  period.  One  thing  is  clear,  that,  whatever 
the  physical  phenomenon,  the  manifestation  as  a  source  of 
acoustic  radiation  undergoes  a  definite  translation  over  the 
ocean  surface.  This  same  slope  is  observed  for  the  remainder 
of  the  record,  independent  of  wind  speed,  from  which  we 
infer  that  the  6-s  waves  would  be  associated  with  swell  origi¬ 
nating  outside  of  the  region  of  local  wind  activity.  The  effect 
of  wind  speed  is  to  increase  the  occurrence  of  the  noise  tracks 
until,  at  the  6-m/s  wind  speed,  they  are  barely  distinguish¬ 
able  from  a  continuum  of  noise.  Another  word  of  explana¬ 
tion  for  the  display:  The  lack  of  resolvable  wave  structure  at 
the  extreme  ranges,  top  and  bottom  of  the  display,  is  caused 
by  a  combination  of  the  reduced  sensitivity  of  the  directivity 
pattern  of  the  individual  cardioid  hydrophone  elements  for 
these  directions  and  the  larger  beam  "footprint”  on  the  sur¬ 
face  associated  with  the  shallow  grazing  angle  at  these  longer 
ranges. 

We  consider  this  record  to  be  direct  evidence  that  am¬ 
bient  noise  generation  in  the  low  wind  speed  region  is  gov¬ 
erned  by  both  the  magnitude  of  the  local  wind  speed,  and  the 


(b)  - *0  MINUTES 


WIND  SPEED  (m/s) 


(c)  - 10  MINUTES 


WINO  SPEED  (m/s) 


FIG.  4.  Surface  noise  structure  as  observed  from  ADA  for  wind  speed?  in* 
crewing  from  2-6.5  m/s. 


roughness  of  the  sea  surface,  particularly  that  associated 
with  the  swell  which  originates  outside  of  the  influence  of  the 
local  wind  stress.  This  corroborates  the  findings  of  other 
authors,  Wille  and  Geyer  (1984)  and  Cato  (1979),  who 
concluded  that  both  surface  roughness,  particularly  swell, 
and  local  wind  stress  influence  the  noise  level  in  the  low  wind 
speed  region.  It  also  shows  that  a  mechanism,  or  mecha¬ 
nisms,  governed  by  these  factors  exist  for  the  generation  of 
surface  noise  at  wind  speeds  below  that  at  which  whitecaps 
are  formed. 
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Another  data  set  obtained  in  December  1980  provides 
further  insight  into  the  noise  generating  mechanisms  at  low 
wind  speed.  In  particular,  isolated  noise  bursts  were  ob¬ 
served  indicating  that  the  noise  generation  consisted  of  dis¬ 
crete  events  resolvable  in  space  and  time.  In  this  experiment, 
acoustic  radiation  from  patches  on  the  sea  surface  was  mea¬ 
sured  with  ADA  suspended  in  a  deep  water  moor  at  a  depth 
of  50-90  m  below  the  surface.  In  the  experiment  the  beam- 
former  was  configured  to  focus  the  array  for  surface  sources 
lying  approximately  normal  to  the  plane  of  the  array.  Figure 
5  is  an  illustration  of  the  fine  scale  acoustic  radiation  pat¬ 
terns  observed  in  the  experiment.  The  individual  traces  of 
the  two  waterfall  displays  represent  50-ms  averages  of  the 
rectified  beam  outputs.  The  beam  data  have  been  interpolat¬ 
ed  and  enhanced  for  the  display.  The  fine  scale  structure  is 
seen  predominately  in  the  central  region  of  the  display  where 
the  nearfield  focusing  of  the  array  is  at  its  best.  For  the  1.8- 
m/s  wind  speed  record  the  individual  events  are  quite  short 
in  duration,  mainly  one,  or  at  the  most  two,  scan  times.  At 
3.6  m/s  with  a  lower  display  gain,  the  events  are  of  higher 
intensity  and  of  longer  duration,  several  hundred  millisec¬ 
onds. 

At  1.8  m/s  the  wind  speed  is  below  the  minimum  re¬ 
quired  to  excite  capillary  waves.  Also,  the  events  are  of  very 
short  duration.  Hence,  the  more  probable  candidate  mecha¬ 
nisms  at  this  very  low  wind  speed  would  be  cavitation  col¬ 
lapse  of  bubbles  in  saturated  water  below  the  surface  or 
bursting  bubbles  at  the  surface. 

The  3.6-m/s  wind  speed  will  generate  capillary  waves, 
and,  particularly  in  light  of  the  extended  duration  of  the 
acoustic  events,  unstable  capillary  waves  or  Crapper  waves 
which  entrain  bubbles  could  play  an  important  role  here. 

Although  we  have  managed  to  observe  these  discrete 
acoustic  events  as  components  of  the  low  wind  speed  gener¬ 
ated  surface  noise,  additional  experiments  will  be  required  in 
order  to  obtain  synoptic  measurements  of  the  physical 
events  accompanying  the  acoustic  emission. 

II.  BUBBLE  CAVITATION  MODEL 

In  this  section,  the  mechanism  of  bubble  cavitation  un¬ 
der  the  surface  is  treated  with  a  detailed  theoretical  analysis. 
Undersurface  cavitation  as  a  source  of  noise  in  the  ocean  was 
first  proposed  by  Furduev  (1966).  In  the  intervening  18 
years  little  note  has  been  made  of  his  work  until  recently 
when  authors  such  as  Kerman  ( 1984)  mention  it  as  a  possi¬ 
ble  mechanism.  One  reason  that  it  may  have  been  ignored  is 
that  there  is  a  lack  of  theoretical  estimation  of  the  absolute 
level  and  its  relation  to  the  parameters  of  wind  speed  and 
surface  roughness  on  the  one  hand,  and  there  is  a  lack  of 
observed  experimental  evidence  on  the  other  hand.  The 
theoretical  model  which  is  presented  here  incorporates: 

( 1 )  Sound  pressure  radiated  by  the  collapse  of  a  vapor/ 
air  bubble  derived  by  Khoroshev  ( 1964). 

(2)  Bubble  distributions  given  by  Novarini  and  Bruno 
(1982). 

(3)  Turbulence  under  the  surface  layer  from  Kitaigor- 
odskii  ( 1961). 

(4)  Surface  roughness  statistics  given  by  Longuet-Hig- 
gins  (1952). 


WINO  SPEED:  1 .8  m/*  WINO  SPEED1  3  6  m/t* 

FIG.  5.  Short-lime  averaged  directional  Mructure  of  surface  noise  observed 
from  ADA. 


The  presence  of  bubbles  in  the  ocean  is  essential  to  this 
model.  There  are  many  sources  in  nature  to  supply  an  ample 
population  of  subsurface  bubbles.  Here,  only  surface-in¬ 
duced,  wind-dependent  bubbles  are  considered.  Small  scale 
capillary  waves,  possibly  in  the  form  of  unstable  Crapper 
waves,  lead  to  bubble  entrainment.  Bubble  cloud  entrain¬ 
ment  has  also  been  observed  above  a  threshold  of  about  2.5- 
m/s  wind  speed  [Thorp  and  Humphries  ( 1980)].  Probabil¬ 
ity  distributions  have  been  measured  in  situ  by  means  of 
acoustics  and  optics  [Medwin  (1977),  Glotov  (1962), 
Johnson,  Cooke  (1979)],  and  several  authors  have  given 
distribution  functions  recently  [Crowther  ( 1979),  Novarini 
and  Bruno  ( 1982),  Kerman  ( 1982) ). 

Briefly,  the  process  of  bubble  cavitation  in  the  surface 
turbulent  layer  is  initiated  when  the  turbulent  pressure  sur¬ 
rounding  a  vapor-air  cavity  of  sufficient  radius  (greater 
than  10’ 4  cm)  is  reduced  to  the  Hsieh-PIesset  (1961) 
threshold  whereupon  the  bubble  would  grow  to  larger  radius 
by  rectified  diffusion.  Some  of  the  larger  bubbles  will  be 
transformed  into  a  transient  cavity  determined  by  the  dy¬ 
namic  equation.  According  to  Flynn  ( 1964),  whether  or  not 
a  cavity  becomes  a  transient  cavity,  i.e.,  one  which  under¬ 
goes  a  rapid  collapse,  depends  on  the  competition  in  the  dy¬ 
namic  equation  between  the  inertial  function  Fit  which  rep¬ 
resents  the  portion  of  acceleration  due  to  the  spherical 
contraction  of  the  liquid,  and  the  quasistatic  function  r2, 
which  is  the  net  pressure  divided  by  the  radius.  The  condi¬ 
tion  for  this  transformation  is  that  the  relative  maximum 
radius  on  expansion  be  greater  than  a  critical  value  during 
the  pressure  fluctuation  period.  A  shock  wave  will  be  radiat¬ 
ed  as  a  result  of  collapse  of  the  transient  cavity.  The  absolute 
noise  level  corresponding  to  this  phenomenon  will  be  esti¬ 
mated  later  in  the  paper. 
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There  are  two  geophysical  parameters  playing  different 
roles  in  the  model  of  surface  noise  generation.  First,  local 
wind  speed  mainly  controls  the  bubble  entrainment  or  equiv¬ 
alently  the  distribution  function  of  the  bubbles,  and  second, 
the  swell-induced  static  pressure  variations  will  mainly  con¬ 
trol  the  turbulent  features  in  the  surface  layer,  so  these  tur¬ 
bulent  features  will  be  most  strongly  influenced  by  the  dis¬ 
tance  fetch,  wind  history  and  travel  time,  but  not  by  the  local 
wind  speed. 

A.  Critical  radius  of  the  expanding  bubble  under 
rectified  diffusion 

The  relation  between  the  critical  radius  of  the  expanding 
bubble  and  the  fluctuating  pressure  p'  was  given  by  Hsieh 
and  Plesset  ( 1961 ): 

=  +la/R'Pn-r)m,  (I) 

where  P0  is  the  static  pressure,  y  is  the  coefficient  of  satura¬ 
tion  by  dissolved  air  of  the  water  surrounding  the  cavity,  or  i» 
the  coefficient  of  surface  tension  of  the  water  ==72  dyn/cm, 
and  Rc  is  the  critical  radius  for  a  bubble  expanding  by  recti¬ 
fied  diffusion. 

Considering  the  saturation  case  for  which  y=  1,  one 
gets 

*c=t/>n[a/(p')1]  (2) 

or,  from  Bernoulli’s  law, 

*,-1*01  ct/(pr2)2),  O) 

where  K#  is  the  particle  motion  velocity  of  the  turbulence 
layer. 

B.  Sound  pressure  and  spectrum  from  a  single 
collapsing  bubble 

The  sound  pulse  radiated  by  a  collapsing  bubble  is  a 
function  of  its  radius  R  and  air  content  of  the  bubble  <5: 

P(RJ)  =/V*, <5)5(0,  (4) 

where  the  peak  pressure was  given  by  Khoroshev  (1964) 
for  a  vapor-air  bubble  collapsing: 

PA(R,6)  =  Po(Rm/r)F(6)X\0-* 

=  F0{KeR  /r)F{5)  X  10"*,  (5) 

where  P0  is  the  hydrostatic  pressure,  Rm  is  the  maximum 
bubble  radius  (  //m)  at  the  moment  collapse  begins,  KE  as 
defined  here  is  the  coefficient  of  expansion  (KE  =  3-5,  Fur- 
duev;  KB  =  2,  Flynn);  r  is  the  measurement  distance  (m) 
from  the  bubble,  and  the  function  F{6)  is 

F(S)  m  [(\+36){\+}5-5'*)]2/2182,  (6) 

where  <5  is  the  parameter  of  the  air  content.  In  general  it 
ranges  from  0.002  to  0.1  under  typical  conditions. 

The  pulse  form  S(  t )  is  an  exponential  pulse  for  a  vapor¬ 
ous  bubble  observed  by  Harrison  (1952)  experimentally. 
Owing  to  the  fact  that  the  bubble  is  beneath  a  free  surface, 
and  taking  into  account  the  reflection  effect,  5(f)  can  be 
modeled  by  an  approximate  pulse  shape  (Furduev,  1966) 
S{t)  =  Ae“t/U  s\nh(  mi -0),  (7) 

where  the  three  parameters  Af0t  m  are  determined  by  the 
physical  restriction 
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/f  =  l/sinh(  -  mr,),  forS(0)  =  l, 

(8) 

0  =  /nr„  for  S(r,  )=  0, 

(9) 

m  =  —  tanh(  0),  for  f  S(/)d/  =  0, 

(10) 

n>  Jo 

m  <  1  /r0,  for  convergence. 

(11) 

From  Eq.  (10)  we  get 

r0  =  r,[tanh(mr,)/mr,]<r,. 

(12) 

Thus,  we  must  have  r0<  r,;  and  if  the  parameter  m  in  the 
model  is  chosen  to  keep  the  convergence  rate  not  too  much 
slower  than  l/r0,  we  have  mr0<  1;  then  from  Eq.  ( 10)  and 

Eq.  ( 12)  we  get 

(13) 

and  r,  is  given  by 

r,  =  ID  /  c,„ 

(14) 

where  D  is  the  effective  depth  of  the  bubble  population  and  c0 
is  the  sound  speed  in  water. 

Although  rn  and  r,  represent  two  physically  different 
parameters — one  being  the  decay  rate  of  the  cavitation  im¬ 
pulse  and  the  other  representing  the  travel  time  delay 
between  the  direct  and  image  paths,  the  times  are  compara¬ 
ble  as  pointed  out  by  Furduev  and  they  have  been  set  equal 
for  convenience  here. 

From  Eq.  (7),  the  frequency  spectrum  of  the  radiating 
pulse  is 

[(2<y/r0)2  -f  (l/rj  -  m2  -<w2)2],/2  *  * 

There  is  a  peak  at  :< 

-  l/r„cosh(mr,)~l/rt.  (16) 

The  spectrum  peak  value  is  given  by 

S(<um„)  2<ym„/r0)  =  jr0  ssjr,.  (17) 

C.  Prtssure  pulsation,  surface  layer  turbulence,  and 
surface  roughness 

In  spite  of  the  large  body  of  knowledge  about  turbulence 
in  pipes,  in  boundary  layers  near  solid  walls,  in  jets,  and  in 
the  atmosphere,  unfortunately  little  is  known  about  turbu¬ 
lence  in  the  ocean  (Monin,  1977),  Apparently  surface  waves 
play  a  particularly  important  role  for  the  upper  ocean  layer 
turbulence.  The  disturbed  sea  surface  can  be  regarded  as  a 
moving  random  surface.  The  random  surface  waves  induce 
in  the  upper  ocean  layer  a  random  field  of  wave  motions, 
which  can  be  described  by  a  model  called  "turbulence  waves 
of  large  amplitude”  by  Kitaigordskii  ( 1961 ).  Such  a  “turbu¬ 
lence  wave”  motion  was  characterized  by  an  average  orbital 
velocity  uort)  superimposed  by  random  turbulent  pulsation 
of  different  scales: 

v*  -  uotb  +  vm  (18) 

and  the  average  orbital  velocity  wolb  was  given  by  Kitai¬ 
gordskii  (1961): 

u0,b~Hwe~*',  (19) 

where  H  is  the  average  wave  height  of  the  large  amplitude 
surface  waves,  c5  is  the  average  angular  frequency,  and  K  is 
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the  average  wavenumber.  The  Reynolds  number  of  the  aver¬ 
age  motion  is 

*»«.»«  s«ort.^/v.  (20) 

where  v  is  the  molecular  viscosity  coefficient  of  water 
( v  ss  ICT2(cm)2/s).  For  a  typical  real  condition  the  magni¬ 
tude  of  is 

*,*.v«:=10*-107.  (21) 

So,  the  criterion  for  turbulence  generation 

*,wve>*,<,~3000  (22) 

is  satisfied  by  a  large  margin. 

Measurements  in  shallow  water  (Bowden  and  White, 
1966)  indicated  that  the  random  component  which  is  super¬ 
imposed  on  the  orbital  component  is  approximately  20%. 
Thus,  the  pressure  pulsation  is  mainly  contributed  by  the 
periodic  orbital  motion,  specified  by  the  average  wave  height 
H.  Here,  H  can  be  regarded  as  one  of  the  parameters  of  the 
surface  roughness. 

For  a  random  sea  surface,  the  statistical  description  was 
given  by  Longuet-Higgins  (1980).  If  the  sea  surface  is  as¬ 
sumed  to  be  the  sum  of  many  sine  waves  in  random  phase, 
and  if  the  frequency  spectrum  is  sufficiently  narrow,  then  the 
wave  amplitudes  (a  wave  amplitude  is  here  defined  as  one 
half  of  the  height  of  a  wave  crest  above  the  preceding  trough ) 
are  distributed  according  to  a  Rayleigh  distribution.  That  is, 
he  probability  P  that  the  amplitude  H  of  any  given  wave 
exceeds  the  value  //,  is  given  by 


/’(//,)  =exp[-2(//1///1„)J] 

(23) 

P{H,)  =exp(  -H,7/<r), 

(24) 

where  Hl/y  is  the  significant  wave  height,  and  a  is  the  rms 
wave  height.  In  the  derivation  of  this  law  it  was  implied  that 
the  sea  sur»«ce  slopes  were  sufficiently  small  that  the  compo¬ 
nent  waves  could  be  linearly  superposed  and  hence  that 
there  was  no  correlation  between  the  phases  of  the  different 
Fourier  components. 

Obviously,  under  the  low  wind  speed  condition,  the  sur¬ 
face  roughness  influencing  the  orbital  movement  is  mainly 
due  to  swell,  not  the  wave  height  of  ’‘sea’*  induced  by  the 
local  wind  (because  H  >H  ^ ).  So,  for  the  model  of  sur¬ 
face  noise  generation,  under  low  wind  speed,  the  parameter 
H  will  be  considered  approximately  as 

H  (25) 

and  the  orbital  velocity  at  the  upper  layer  in  Eq.  ( 19)  is 

(26) 

In  addition  to  this  orbital  velocity  it  should  be  noted  that 
there  will  also  be  a  drift  flow  at  the  surface  produced  by  a 
direct  action  of  the  wind. 

D.  Estimation  of  noise  level 

For  the  estimation  of  the  noise  field  produced  by  the 
bubbles  distributed  under  the  surface,  the  interaction 
between  bubbles  is  neglected  and  energy  summation  is  as¬ 
sumed.  The  resulting  noise  level  spectrum  can  be  written  as 


/(«,/?, )  =  n(Rt)  Jf £*  AT, t}{Ra) 

X[PASM]3D(0)drdv,  (27) 

where  H(/?f )  is  the  collapse  formation  frequency  for  bub¬ 
bles  having  a  radius  greater  than  Rc*Kr  is  the  percentage  of 
the  bubbles  that  can  be  transformed  into  a  transient  cavity, 
rj{Rj)  is  the  bubble  distribution  function,  PA  is  the  peak 
pressure  radiated  by  a  transient  cavity,  given  by  Eq.  (5), 
5(ru)  is  the  spectrum  of  the  radiated  pulse,  given  by  Eq. 
(15),  and  D(0)  is  the  directivity  function  of  the  bubble  radi¬ 
ation.  Because  of  the  proximity  of  the  free  surface,  D{6)  is  a 
dipole, 

D{6)  =s  cos2(0),  (28) 

where  6  and  the  element  volume  of  integration  dv  are  shown 
in  Fig.  6,  and  dv  is  given  by 

dv  =  2nl  dldz  —  2rrh  2  sec2(0)tan(0)d0<fe.  (29) 

Substituting  Eq.  (29),  Eq.  (28),  and  Eq.  (5)  into  Eq.  (27), 
and  completing  the  integral  with  respect  to  0,  we  get 

ncotRr ) 

"“(^'f  f  (ATr  AT3B)v(rt,2)[/yr(<5)|J 

XS1(a>)R  JX  10~  12  dR  dz,  (30) 

where  R  is  \n  jim.  For  simplicity,  and  because  we  have  no 
knowledge  of  the  dependence  of  Kr  and  Kr  on  r  and  w, 
{Kt  K  )  is  considered  as  constant.  Then  we  get  the  peak  of 
the  spectrum, 

hv,Rc)  ^a{Re)rr{Kr  K2e)[P(>F{5))2S2{co) 

x.0-»ff  ,(*,)*’**  (31) 

A  bubble  distribution  function  given  by  Novarini  and  Bruno 
(  1982)  will  be  used: 

7]{R,UyZ)  =  8.6X  \0qR  -4i(u/ 6)2exp(  -z/Z>),  (32) 

where  u  is  the  wind  speed  in  knots  and  D  is  the  bubble-layer 
thickness  in  m  that  is  wind  speed  dependent. 

Since  we  are  interested  in  larger  bubbles  and  lower  wind 
speeds,  in  view  of  reduced  turbulent  entrainment  forces  and 
larger  bouyancy  forces,  the  decay  with  bubble  size  may  be 
more  rapid.  For  simplicity,  we  take 

7 ?(* ,u,z)  =*  8.6x  lO’/l  -5(u/6)2  exp(  -  z/D).  (33) 


FIG.  6  Geometry  for  integration  of  lurface  none 
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Substituting  Eq,  ( 17)  andEq,  (33)  intoEq.  (31),  and  com¬ 
pleting  the  integral  with  respect  to  Rt  and  z,  we  get 

AS^)«3.3xlO“3(A:r^i)a(/?c)(/>0f(<5)]2 

XrJ  (u/6)2Z>  R  “ 2.  (34) 

As  analyzed  above,  the  critical  radius  Re  of  the  cavitating 
bubble  is  dependent  on  the  geophysical  condition  of  the  tur¬ 
bulence  in  the  upper  surface  layer  due  to  swell.  From  Eqs. 
(3),  (18),  and  ( 19),  if  the  given  swell  is  specified  by  wave 
height  H  and  circular  frequency  a>c ,  we  get 


Rc=\[P<fl/pliHa>')A).  (35) 

Taking  account  of  Eq.  (23),  and  the  theory  given  by  Rice 
(1945),  the  formation  frequency  ft  is  given  by 

'SZpE(f)df 


nun— pf-af-g-Ylfg^^)  . 
I  VAW  j  V  /o“  E{f)df  ) 


(36) 


where  £(/)  is  the  power  spectral  density  function  of  the 
surface  wave  process.  __ 

If  //  is  considered  as  the  average  wave  height  //,  then 

ft  (7?)  =  exp[  -  2(H/HU)f]  (u/ln)  =  0.46/7". 


(37) 


Substituting  Eq.  (37)  into  Eq.  (34):. 

m  ( 1 .52 X  10“ y/D ( Kr  K 2 ) [ PJ\8)  ]: 2 
XT*  {u/l)*D[Re(H$)y\  (38) 

Now,  we  may  make  a  quantitative  estimation  for  the  abso¬ 
lute  level  under  typical  oceanic  conditions: 
wind  speed:  u  *  6  kn, 
typical  swell  parameters: 

H  =  2.3  m, 
r  =  9.4  s, 

effective  bubble  layer:  D  -  0.2  m, 
coefficient  of  expansion:  Ks  =  2, 
coefficient  of  transient  transformation  KT  =  0.2, 
parameter  of  air  content:  <5  =  0.1. 

From  Eqs.  (14)  and  (13): 

rl  =  r0  =  1D/C0  =  0.26  X  KT 3  s.  (39) 


FIG.  7.  Comparison  of  estimated  noise  spectrum  with  Wenz's  data. 


From  Eq.  ( 16): 

Ssl/r,  =  3.8xl03rad/s, 

/~612Hz.  (40) 

From  Eq.  (6): 

F(S)  *  6.3, 

[/>f>F(5)]2  =  3.9X  I0'3.  (41) 

From  Eq.  (37): 

Re(Htc>)  =  1700  /tm.  (42) 

Substituting  all  the  above  quantities  into  Eq.  (38),  we  get 
«  ( ( 1.52X  10-3)/r]  <*r  K \) 
XlPoFm2rllu/6)*DRc-* 

=  (0.1 6x  10  "3)  [0.8)  (3.9  X  10,3J 
X(0.26xi0-3)  [0.2]  ( 1700)  “2 
^0.07  W/mVHz 

=r  —  47  dB  re:  1  dyne/cm  2//Hz„  (43) 

The  result  is  demonstrated  in  Fig.  7.  The  absolute  values 
computed  above  are  near  the  5-kn  wind  speed  curve  of  Wenz 
and  both  the  shape  of  the  spectrum  and  the  location  of  the 
maximum  are  in  good  agreement  with  his  data. 

The  wind  speed  dependence  of  /  given  by  Eq.  ( 38)  is  up 
to  —  (u)2Z)(u).  Unfortunately,  it  seems  that  there  is  not  a 
very  clear  expression  of  the  wind  speed  dependence  avail¬ 
able.  Novarini  and  Bruno  ( 1982)  suggested 

D(u)~U2* 

and  Crowther  (1979)  suggested 

D{u)~U'°. 

So,  in  the  present  paper,  the  power  law  of  the  wind  speed 
dependence  of  /  will  be  described  as: 

(a  ss  3.0-4.5), 

111.  BURSTING  BUBBLES  AS  SOUND  SOURCES 

Another  possible  mechanism  for  sound  generation  by 
bubbles  is  the  rupture  or  bursting  of  bubbles  on  the  ocean 
surface.  The  nature  of  the  radiation  from  a  bursting  bubble  is 
readily  computed.  We  begin  with  the  internal  overpressure 
for  a  bubble  on  the  surface  which  is  given  by 

bp  =  2TirD /(rrD2/4)  =47VR,  (44) 

where  R  is  the  radius  of  curvature  of  the  double-surfaced 
upper  bubble  wall.  This  pressure  is  balanced  by  a  combina¬ 
tion  of  the  differential  hydrostatic  head  associated  with  the 
lower  surface  of  the  bubble  and  the  upward  force  created  by 
the  surface  tension  T  of  the  water  at  the  lower  boundary. 
When  the  upper  wall  ruptures,  the  dimple  left  at  the  water 
surface  provides  a  decaying  step  function  restoring  force 
over  the  depressed  area. 

The  basic  sound  source  of  the  breaking  bubble  then  is 
modeled  as  an  initial  pressure  step  function  of  magnitude  bp 
acting  over  a  circular  area  approximately  equal  to  nR 2  at  the 
pressure  release  boundary  of  an  infinite  half-space.  The 
boundary  conditions  match  closely  the  solution  of  a  vibrat- 
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ing  sphere  in  free  field.  The  free  field  model  is  appropriate 
because  the  plane  of  the  surface,  normal  to  the  motion  of  the 
sphere,  is  a  plane  of  zero  acoustic  pressure  corresponding  to 
the  pressure  release  of  the  air/water  interface. 

From  Morse  (1948),  the  radiated  intensity  from  a  di¬ 
pole  sound  source  or  vibrating  sphere,  assuming  that  the 
source  is  very  small  compared  to  a  wavelength,  is  given  by 

1  to* pa*  U l  cos2  (0) 

T“8  cV  '  (45) 

In  order  to  determine  a  value  for  wn,  from  the  driving  pres¬ 
sure/?,  we  use  the  expression  for  one-half  of  the  impedance  of 
the  sphere,  also  given  by  Morse  for  ka <  1 ; 

Z,  «  f/«0=s  -  i{u/l){\irp^y),  (46) 

The  force  F  is  equal  to  A pna7,  thus 

U0=  -  Ibp/icopffl  =  id&p/pftka).  (47) 

Combining  Eqs.  (45)  and  (47),  the  radiated  intensity  is  then 

T  -\[{ka)7a^p7  co$2(0)/f  (48) 

Now,  assuming  the  pressure  impulse  to  be  approximated  by 
an  exponential  step  function,  Ap(r)  =  A/?(0)e  *  u\  Ap2 
would  have  a  pressure  spectrum  proportional  to  l/<y2.  Then 
the  spectral  shape  of  the  radiated  intensity  will  be 

Y(<u)  <x  (1  /p)[a4  cos2(0)/cV],  (49) 

which  represents  a  flat  spectrum  with  no  frequency  depen¬ 
dence. 

It  is  apparent  that  this  bursting  bubble  model  does  not 
match  the  conventional  Knudsen  spectrum  shape  for  wind 
noise  in  the  kilohertz  region,  but  it  is  still  a  viable  candidate 
for  the  extremely  low  wind  speeds  under  2.5  m/s  where  no 
capillary  wave  action  is  produced,  and  when  swell  condi¬ 
tions  are  low.  Because  of  the  scarcity  of  uncontaminated 
measurements  of  wind  generated  noise  in  this  extremely  low 
wind  speed  regime,  there  is  a  question  as  to  whether  or  not 
the  conventional  2  spectrum  is  valid  for  this  regime.  For 
example,  the  limited  data  from  Wenz  ( 1962)  in  his  Figs.  2 
and  3  for  2-kn  wind  speeds  do  not  support  an  <u“2  slope  in 
the  103-  to  HY-Hz  region. 

The  analysis  shows  that  the  signatures  of  collapsing  sub¬ 
surface  bubbles  and  surface  bursting  bubbles  are  distinctive¬ 
ly  different.  If  close  range  wideband  acoustic  measurements 
can  be  carried  out  it  should  be  possible  to  identify  the  events 
from  the  distinctive  character  of  their  respective  acoustic 
signatures. 
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ABSTRACT 

A  new  investigation  is  made  of  internal  wave  generation  by  surface  waves.  Previous  theories  are  put  into  a 
unified  form  that  includes  a  model  of  surface  wave  damping.  Calculations  using  the  complete  theory,  which  do 
not  seem  to  have  been  made  previously,  indicate  that  for  wind  speeds  between  7  and  20  m  s'1  the  internal 
wave  field  lose i  about  10  "4  W  m to  the  surface  wave  field.  This  would  lead  to  a  decay  time  of  about  10  days 
for  the  high  frequency  portion  of  the  internal  wave  field  if  an  energy  source  were  not  available  to  maintain  it. 
Possible  sources  for  this  energy  are  discussed.  In  contrast  to  this  result  for  wind  waves,  a  strong,  highly  collimated 
ocean  swell  can  lead  to  rapid  growth  of  high  frequency  internal  waves.  The  effects  of  nonlinear  surface  wave 
modulation  and  wave  blocking  are  also  discussed. 


1.  Introduction 

According  to  the  model  of  Garrett  and  Munk 
( 1972a),  the  nominal  energy  in  the  internal  wave  field 
is  about  3  kJ  m  ~2 .  Except  for  local  variations  this  ap¬ 
pears  to  be  more-or-less  steady,  which  has  led  to  the 
view  that  generation  and  dissipation  mechanisms  bal¬ 
ance  each  other.  Garrett  and  Munk  ( 1972b)  estimated 
from  turbulent  fluxes  that  the  dissipation  rate  for  the 
internal  wave  ( 1 W )  field  is  in  the  range  of  1 0  "3  W  m  "2 . 
Dissipation  rates  for  small  scale  turbulence  ( assumed 
to  be  fed  by  internal  waves)  observed,  for  example,  by 
Garget  et  al.  ( 1981 )  and  by  Osborn  ( 1978)  imply  dis¬ 
sipation  rates  in  the  range  of  10-3  to  10~4  W  m-2. 
Vertical  fluxes  of  IW  energy  observed  by  Leaman  and 
Sanford  ( 1975)  and  by  Leaman  ( 1976)  are  also  in  this 
range.  These  rates  suggest  that  the  IW  field  would  decay 
in  10  to  100  days  if  it  were  not  maintained  by  external 
sources.  Further  observations  by  Lueck  et  al.  ( 1983), 
by  Gregg  etal.(  1986),  and  by  Gregg  ( 1987, 1989)  lead 
to  estimates  of  about  50  to  100  days  for  the  IW  decay 
time. 

Theoretical  calculations  of  turbulent  fluxes  within 
the  IW  field  by  McComas  (  1978),  McComas  and 
Muller  (1981),  and  Pomphrey  et  al.  (1980)  predict 
dissipation  rates  in  the  range  of  10-3  to  10-4  W  m-2. 
Careful  predictions  by  Flatte  et  al.  ( 1985)  give  values 
toward  the  lower  end  of  this  range,  in  agreement  with 
Gregg  (1989). 

A  number  of  plausible  mechanisms  have  been  pro¬ 
posed  for  the  generation  of  internal  waves.  Bell  ( 1975) 
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has  suggested  that  large  scale  flow  over  topography  can 
be  a  significant  source  of  IW  energy.  Bell  ( 1978)  has 
also  concluded  that  inertial  oscillations  of  the  upper 
ocean  can  generate  internal  waves.  Kanthu  ( 1979)  has 
investigated  mixed  layer  turbulence  as  a  generation 
mechanism.  Mesoscale  flow  as  a  source  of  IW  energy 
has  been  studied  by  Watson  (1985).  Each  of  these 
mechanisms  appears  able  to  account  for  much  of  the 
energy  in  the  IW  field. 

Striking  visual  evidence  of  the  interaction  of  internal 
waves  with  surface  waves  has  been  often  noted  (for 
example,  see  Hughes  and  Grant  1978;  Phillips  1973; 
Hughes  1978;  A  pel  et  al.  1975;  Curtin  and  Mooers 
1975;  Fu  and  Holt  1984).  This  interaction  has  led  to 
a  number  of  calculations  of  the  rate  of  generation  of 
the  IW  field  by  surface  waves. 

Theoretical  models  for  a  “wave  triad”  consisting  of 
two  surface  waves  and  one  internal  wave  have  been 
developed  by  Ball  ( 1964),  Thorpe  ( 1966),  and  Brek- 
hovskikh  et  al.  ( 1972).  Energy  transfer  occurs  when  a 
frequency  resonance  condition  is  met. 

Calculations  of  the  transfer  of  energy  from  a  surface 
wave  (SW)  spectrum  to  internal  waves  have  been  given 
by  Kenyon  ( 1968),  Watson  et  al.  ( 1976),  Olbers  and 
Herterich  (1979),  and  Dysthe  and  Das  (1981).  Kenyon 
used  a  constant  N (i.e.,  Vaisala  frequency)  profile.  Ol¬ 
bers  and  Herterich  chose  N  to  be  constant  in  a  pre¬ 
scribed  depth  interval  and  to  vanish  outside  this  inter¬ 
val.  Dysthe  and  Das  (1981,  hereafter  DD)  assumed  N 
to  vanish  outside  a  thin  thermocline  region.  Watson 
et  al.  (1976,  hereafter  WWC)  chose  N  to  vanish  in  a 
mixed  layer,  below  which  they  used  the  Garrett-Munk 
( 1972a)  exponential  scaling. 

Olbers  and  Herterich  ( 1 979 )  made  use  of  the  spectral 
transfer  equations  of  Hasselmann  ( 1967).  They  con- 
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sidered  a  mechanism  of  “spontaneous  creation"  by 
which  pairs  of  surface  waves  generate  internal  waves. 
This  mechanism  does  not  require  that  internal  waves 
be  initially  present.  Dysthe  and  Das  describe  another 
mechanism  by  which  a  weak  IW  grows  (or  decays) 
exponentially  through  interaction  with  a  pair  of  surface 
waves.  They  refer  to  this  as  “modulation  interaction" 
or  “modulational  instability." 

Olbers  and  Herterich  (1979)  concluded  that  the 
transfer  rates  for  the  spontaneous  creation  mechanism 
are  relatively  insensitive  to  the  detailed  form  of  the  SW 
spectrum,  but  are  sensitive  to  the  wind  speed.  A  large 
Vaisala  frequency,  a  thin  mixed  layer,  or  strong  winds 
were  required  to  give  significant  IW  growth  rate,  how- 
ever. 

Dysthe  and  Das  performed  calculations  for  only  a 
narrow  band  SW  system.  They  concluded  that  the  en- 
erg\  rate  for  modulation  interaction  mechanism  is  ver> 
sensitive  to  the  form  of  the  SW  spectrum  and  that  a 
very  narrow  angular  spread  is  required  to  give  signifi¬ 
cant  growth  rates  of  the  IW  amplitudes. 

The  mode  coupling  equations  of  WWC  were  ex¬ 
pressed  in  the  form  of  Hamilton  s  equations.  They  ob¬ 
tained  an  analytic  expression  for  the  IW  growth  rate 
using  a  “locked  phase  assumption."  This  gave  a  sig¬ 
nificant  energy  transfer  rate,  but  because  of  the  locked 
phase  approximation  could  be  considered  as  only  an 
upper  limit  on  the  IW  growth  rate.  Watson  et  al.  also 
performed  a  numerical  integration  of  their  equations. 
This  was  criticized  by  Olbers  and  Herterich  ( 1979)  as 
ignoring  the  detuning  effects  of  SW  dissipation  pro¬ 
cesses.  Because  of  computational  limitations,  WWC 
chose  a  narrow  band  SW  spectrum  similar  to  that 
shown  by  DD  to  give  high  energy  transfer  rates. 

The  conclusions  from  ihtoZ  calculations  has  been 
that  SW-IW  interactions  cannot  account  for  the  energy 
needed  to  maintain  the  IW  field.  It  appears  however 
that,  although  the  theory  has  been  well  developed,  de¬ 
tailed  calculations  of  the  SW-IW  energy  exchange  have 
not  been  made.  Studies  have  not  been  made  that  in¬ 
clude  simultaneously  both  the  spontaneous  and  mod¬ 
ulation  mechanisms,  nor  have  comparisons  of  the  rel¬ 
ative  importance  of  these  been  given. 

The  purpose  of  this  paper  is  to  provide  such  calcu¬ 
lations  that  include  both  the  modulation  and  the  spon¬ 
taneous  mechanisms  and  to  do  these  for  environmental 
conditions  of  physical  interest.  In  contrast  to  what  has 
sometimes  been  expected,  we  find  rather  rapid  energy 
transfer  rates,  but  predominantly  a  transfer  of  energy 
from  the  IW  field  to  the  SW  field.1  This  transfer  of 
energy  is  significant,  however,  only  for  the  long  vertical 
wavelength  IW  modes  having  frequencies  greater  than 
about  a  tenth  of  the  upper  ocean  Vaisala  frequency. 


1  We  emphasize  that  our  present  calculations  do  not  disagree  with 
other  calculations  of  which  we  are  aware.  The  pertinent  calculations 
seem  not  to  have  been  done  before. 


In  this  band  and  for  wind  speeds  in  the  7  to  20  m  s“‘ 
range  the  predicted  time  for  IW  decay  is  a  few  days. 
Expressed  differently,  for  a  Garrett-Munk  spectrum 
the  power  delivered  to  the  SW  field  at  the  expense  of 
the  I W  field  is  about  1 0  ~4  W  m  .  This  is  not  of  course 
a  significant  energy  source  for  the  wind  waves,  but  (as 
we  shall  discuss  later)  it  does  raise  a  question  as  to  the 
source  for  the  IW  energy  in  this  band. 

For  a  wind  increasing  above  15  ms"'  there  is  a 
tendency  in  some  spectral  domains  for  transfer  of  en¬ 
ergy  to  the  IW  field,  although  at  even  20  m  s’1  the  net 
transfer  is  to  the  SW  field. 

The  theories  of  WWC,  DD.  and  Olbers  and  Herter¬ 
ich  ( 1979)  are  described  (without  derivation)2  in  sec¬ 
tions  2  and  3.  An  innovation  in  the  present  work  is  to 
take  account  of  surface  wave  dissipation.  This  dissi¬ 
pation  broadens  the  triad  resonance  condition  of  the 
previous  theories.  This  broadening  has  some  numerical 
impact,  but  does  not  significantly  change  our  conclu¬ 
sions.  The  calculations  described  in  the  paragraph 
above  are  presented  in  Section  4.  In  Section  5  we  show 
the  implications  ofsome  calculations  of  IW  generation 
by  ocean  swell,  which  can  effectively  stimulate  IW 
growth.  Finally,  in  Section  6  some  implications  of 
nonlinear  SW  modulation  are  described. 

2.  Notation  and  ocean  model 

In  this  section  we  shall  review  for  later  use  certain 
properties  of  linear  surface  and  internal  waves  (for  a 
more  detailed  description  of  the  linear  wave  fields  see, 
for  example,  Phillips  1977).  Where  appropriate,  we 
will  follow  the  notation  of  WWC. 

Capillary  waves  will  be  excluded  from  our  model. 
Characteristic  IW  frequencies  12  are  assumed  to  be 
small  compared  to  frequencies  a>  of  the  interacting  SW 
field,  but  much  larger  than  the  inertial  frequency.  Sim¬ 
ilarly.  horizontal  IW  wavenumbers  K  are  assumed  to 
be  small  compared  to  wavenumbers  k  of  the  SW  field: 

12  <|  o> 

K<k.  (2.1) 

The  undisturbed  surface  of  the  ocean  is  assumed  to 
coincide  locally  with  the  plane  r  =  0  of  a  rectangular 
coordinate  system.  The  ocean  bottom  is  assumed  to 
coincide  with  the  plane  z  =  -Bh.  The  Vaisala  frequency 
N(z)  is  assumed  to  vanish  in  a  mixed  layer  of  domain 
-D  <  z  <  0.  It  will  be  supposed  that  D  is  large  enough 
that  surface  wave  currents  can  be  neglected  for  z<-D. 
Specific  models  for  N{  z )  in  the  domain  -D>  r  >  -Bb 
will  be  introduced  when  calculations  are  presented. 

Following  the  notation  of  WWC,  for  linear  internal 


2  A  very  simple  derivation  of  the  energy  transfer  resulting  from 
the  modulation  mechanism  is  given  Section  3,  using  arguments  of 
energy  conservation. 
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waves  we  expand  the  vertical  component  of  velocity  The  internal  wave  energy/ unit  area  in  the  mode  {j, 
in  the  form  K)  is 


H'f(x,  r,  0  -  2  Z  e*"AhK(t)1VhKl:).  (2.2) 

J'i  K 

The  sum  on  A'  represents  a  Fourier  expansion  in 
some  conveniently  chosen  rectangular  Area  .40.  The 
symbol  /  labels  vertical  mode  numbers.  The  vertical 
mode  function  \Vh  A(r)  is  obtained  from  the  equations 

H;  K(z)  =  A'sinh(  Ar), 

H7.A-(r)  +  A'2(Af2/a2-  1)»’,A  =  0. 

- Bh<z<-D  (2.3) 

wnere  \VU  =  d:\\'/dz2  and  12  is  the  angular  frequency 
of  the  mode  (7.  A).  At  the  ocean  bottom  we  have  the 
boundary  condition 


The  rigid-lid  approximation  has  been  used  to  give  the 
boundary  condition  at  r  =  0  in  ( 2.3 ).  Olbers  and  Her- 
terich  ( 1979)  have  discussed  the  validity  of  this  and 
the  Bousinesq  approximation  for  the  present  applica¬ 
tion.  We  have  used  their  analysis  to  explicitly  verify 
the  validity  of  these  approximations  for  the  parameter 
ranges  used  in  our  calculations.  For  linear  waves  we 
have  the  relation 


A K  -  k  (2.4) 

where  A  =  d2A/dt2. 

We  shall  encounter  the  integrals 

f  N2W^KWJ%Kdz  =  6JtJ‘VJtKNo2/B.  (2.5) 

Here  N0  and  B  are  convenient  scale  parameters  for  N 
and  for  the  vertical  scale  of  stratification,  respectively. 
The  quantity  VJ%K  above  is  dimensionless.  It  will  be 
seen  to  represent  a  kind  oflW  inertial  response  to  SW 
driving. 

The  horizontal  component  of  the  IW  current  is 
u(x,  r,  /)  =  2  iKAjKW’J'KelK"/K2..  (2.6) 

!t  is  convenient  to  write 

iK~'Aj'H  =  ^  [U(j,  K)  exp(-/Q(y,  K)t) 

-  U*U ,  -K)cxp (iQ(j,K)t)).  (2.7) 

Then  at  the  surface  :  =  0we  may  use  ( 2.4 )  to  express 
(2.6)  in  the  form 

ll(x,  t)  =  2  K [U(j,  K)exp(/(K*x  -  ttt)) 

;.K 


+  c.c.]/2.  (2.8) 


E.(J,  K)  = 


PoNq2V^k 


2  BSl2K2 


O(j.K) 


(2.9) 


where  p0  is  the  density  of  sea  water  ( say.  in  the  mixed 
layer).  The  spectrum  of  internal  wave  energy  E ,(j,  K) 
is  obtained  from  ( 2.9 )  as 


J  E,(j.  K)J:K  =  2  £/(./•  K).  (2.10) 


The  corresponding  action /unit  area  is 

F,(7,  K)  =  E,(j,  K)/S2(v.  K).  (2.11) 

For  the  calculations  to  be  given  later  we  shall  need 
a  model  for  for  which  we  take,  unless  specified  oth¬ 
erwise,  the  venerable  Garrett-Munk  spectrum  of  Munk 
( 1981 ).  Since  we  are  interested  only  in  IW  frequencies 
much  larger  than  the  inertial  frequency,  we  write  this 
as 


E,U>  K) 


0.013poA'o~^o~7 
2tt*3(1  +  f/9) 


(2.12) 


valid  for  KB  >  Jo*j/No>  where  J0  is  the  inertial  fre¬ 
quency.  We  recognize  that  (2.13)  does  not  always  de¬ 
scribe  very  well  internal  wave  observations  in  the  upper 
ocean  (see  Pinkel  1985).  We  do  not  think,  however, 
that  our  conclusions  are  sensitive  to  details  of  the  IW 
spectrum. 

For  linear  surface  waves  we  write  the  vertical  dis¬ 
placement  and  velocity  potential  at  z  =  0  in  the  form 

r,U>  t )  =  -2  (£ke'k'x  ~  c.c.]/(2 flFi*Vk), 

k 

<Mx,  /)  =  2  M/(2po)[^,Vx  +  c.c.J.  (2.13) 

k 

Here  Vk  =  Hglk  is  the  surface  gravity  wave  phase  speed. 
The  surface  wave  spectrum  of  action /unit-  area  is  Fs. 
This  may  be  obtained  from  (2.13)  using  the  Wigner 
( 1932)  relation 


d2kFs(\ ,  k,  t)  -  2  Z  elhx  (Bk+„2Bt.,n) 

J  k  i 

(2.14) 

where  (  )  represents  an  ensemble  average  over  many 
realizations  of  the  SW  field.  The  corresponding  SW 
energy  spectrum  is 

Es(x,k,  t)  =  ukFs(x,k,  t)  (2.15) 

where  wk  =  rf~gk  is  the  angular  frequency  corresponding 
to  wavenumber  k. 

It  is  convenient  to  introduce  an  ambient  SW  field 
for  which  we  can  use  one  of  the  current  equilibrium 
models.  We  shall  denote  the  action  density  spectrum 
for  this  ambient  field  by  Fa(k).  The  ambient  spectrum 
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of  vertical  displacement  is  expressed  in  terms  of  the 
action  density  with  the  relation 

F«(k)  =  PoWk).  (2.16) 

The  ratio  of  the  actual  to  the  “ambient”  spectrum  rep¬ 
resents  the  SW  modulation  M: 

Fs(x,  k,  t)  =  \f ( x *  k.  /)Fa(k).  (2.17) 

Wc  shall  see  in  the  next  section  that  for  the  modulation 
mechanism  it  is  M  that  can  be  considered  as  the  driver 
of  the  IW  field. 

For  the  calculations  presented  in  this  paper  we  shall 
use  the  wind  wave  spectral  model  of  Donelan  et  al. 
(1985)  and  Phillips  (  1985): 


expressions  derived  in  WWC.)  A  very  simple  derivation 
is  given  at  the  end  of  this  section,  however,  for  the 
transfer  of  energy  between  the  IW  and  SW  fields,  as 
implied  by  the  modulation  mechanism. 

The  equations  of  Olbers  and  Herterich  ( 1979)  de¬ 
scribing  the  spontaneous  model  are  also  quoted  in  this 
section,  re-expressed  in  the  present  notation. 

The  SW  and  IW  fields  are  treated  as  linear,  except 
for  the  coupling  between  them.  This  coupling  is  as¬ 
sumed  to  be  weak  in  the  sense  that  the  linear  wave 
frequency  ft  is  large  compared  to  the  evolution  rate  of 
the  amplitudes  L'(j,  K): 

Qp\L’/0\.  (3.1) 


*„(k)  =  S(k)G(0  -  0J.  (2.18) 

Here  0  is  the  angle  of  the  vector  k  with  respect  to  the 
direction  of  K  and  0„  is  the  corresponding  direction  of 
the  wind  vector.  The  function  S  is 


S(k)  = 


A 

k”1k. 


The  nonlinear  coupling  is  evaluated  in  lowest  order  as 
a  triad  wave  interaction.  A  typical  triad  from  a  field  of 
interacting  waves  would  include  two  surface  waves  of 
wavenumbers  k  and  k'  and  an  internal  wave  of  mode 
(y\  K).  Energy  exchange  among  these  waves  occurs 
when  a  resonance  condition  is  met: 

k  -  k'  =  K, 


T  =  0.6 (k,/k)2  -  0.5  exp[-1.2( \.2}fkJFt  -  1 ):], 
k,  =  g/W\  A  =  3  X  10“3.  (2.19) 


and  IT  is  the  wind  speed.  The  “spreading  function’'  of 
Donelan  et  al.  ( 1985)  is 

G(0  -  0J  =  (t  sech 2[a((f  -  tfM)]/2.  (2.20) 

The  Donelan  model  used  for  the  parameter  a  is 

'2.9 {kjk)0t\  for  k/k*  <  4 

1.2,  for  k/k,>  4. 


a  - 


(2.21 : 


We  shall  also  consider  a  “collimated"  model  for 
which 


<r  =  8.  (2.22) 

Our  calculated  results  will  be  seen  to  be  rather  sensitive 
to  the  spreading  function  used,  but  do  not  seem  very 
sensitive  to  modest  changes  in  S .  Omitting  the  “JON- 
SWAP  peak  enhancement"  in  (2.19)  or  using  a  k~A 
spectrum  in  the  equilibrium  range  does  not  modify 
our  results  significantly. 


3.  The  interaction  between  surface  and  internal  waves 

In  this  section  we  shall  present  the  equations  that 
describe  the  response  of  the  IW  field  to  SW  forcing. 
The  derivations  given  by  DD  and  WWC  lead  to  equiv¬ 
alent  results  for  the  modulation  mechanism,  which  wc 
now  quote  without  derivation.  ( Since  the  form  in  which 
we  express  the  modulation  mechanism  is  somewhat 
different  from  that  given  by  WWC  and  DD,  we  show 
in  the  Appendix  how  to  obtain  this  specific  form  using 


w*  -  aV'  -  fl(7,  A).  (3.2) 

Higher  order  resonances,  involving  harmonics  of  the 
linear  wave  frequencies,  can  also  transfer  energy.  When 
condition  ( 3. 1 )  is  satisfied,  we  do  not  expect  significant 
transfer  rates  from  these  higher  order  interactions.  We 
shall  see  that  SW  relaxation  mechanisms  can  lead  to 
more  general  conditions  than  (3.2)  for  energy  ex¬ 
change,  however. 

Because  of  the  conditions  ( 2. 1 )  we  may  rewrite  the 
second  equation  above  as 

c#(k)*  K  =  c*„  (3.3) 

where  c,  =  tt/K  is  the  IW  phase  velocity  and  c g  is  the 
SW  group  velocity.  This  is  the  condition  that  the  com¬ 
ponent  of  SW  group  velocity  parallel  to  K  match  the 
I W  phase  velocity.  An  obvious  generalization  of  ( 3.3 ) 
is  the  expression 

[cf(k)  +  U]-K-c,.  (3.4) 

As  will  be  discussed  in  more  detail  in  Section  6,  ( 3.4) 
is  the  condition  that  an  overtaking  SW  will  be  turned 
back,  or  blocked \  by  the  IW  generated  surface  current 
U.  In  the  case  of  sufficiently  weak  interactions  (3.3) 
and  ( 3.4)  are  equivalent  ( recall  that  |  U |  must  be  sig¬ 
nificantly  less  than  Cj  if  the  IW  field  can  be  treated  as 
linear).  The  relation  (3.4)  leads  us  to  anticipate  that 
SW  blocking  plays  a  role  in  the  energy  transfer  between 
the  two  wavefields. 

The  derivations  of  the  modulation  mechanism  given 
by  WWC  and  DD  lead  to  an  expression  for  the  rate  of 
change  of  the  IW  current  amplitude  introduced  in 
(2.9): 
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x  exp[-f(K*  x  -  ft/)]F,(x,  k,  t).  (3.5) 

Here  .-Jo  is  the  rectangular  area  within  which  the  Fourier 
expansion  (2.4)  was  introduced.  [As  noted  earlier,  we 
show  in  the  Appendix  how  Eq.  (2.29)  of  WWC  may 
be  transformed  into  the  form  used  here.)  We  may  re¬ 
write  ( 3.5 )  using  the  modulation  function  .1/  of  ( 2. 1 7 ). 

X  exp[-/(K*  x  -  Q/)][.l/(x,  k.  /)  -  l]F„(k). 

(3.6) 

This  shows  explicitly  how  modulation  of  the  SW  spec¬ 
trum  is  required  to  excite  the  IW  field. 

The  rate  of  change  of  the  1 W  energy  is  obtained  from 
(2.9)  and  (3.5)  as 

E,U,  k)  =  '(f)*/  d2kk  J  ^F,(x,  k,  t) 

X  fi[i?exp[/(K*  x  -  fir)]  -  c.c.J.  (3.7) 

Using  the  condition  (3.1 )  and  (2.10)  we  can  put  this 
in  the  compact  form 

E,  =  %  E,(j,  K) 


Here 

x  =  Vktf.  k  =  -VA//, 

//  =  u*  +  k*U.  (3.10) 

The  source  term  S  is  often  expressed  as 

5  =  S„,  +  S»  +  (3.11) 

where  S„i  represents  nonlinear  SW-SW  interactions 
(Hasselmann  1967  or  1968).  represents  wave  ex¬ 
citation  by  the  wind,  and  Sd  represents  wave  damping 
due  to  viscosity. 

Equations  ( 3.9 )  and  ( 3. 1 1 )  are  overly  complex  for 
our  current  study  [see.  however,  van  Gastel  ( 1987), 
who  investigated  SW  modulation  using  this  full  set  of 
equations  for  capillary  waves],  so  we  shall  adopt  a 
model  for  5  introduced  by  Hughes  ( 1978 )  and  by  Phil¬ 
lips  ( 1984).  We  set 


5  =  -M(F,  -  Fa), 


(3.12) 


which  is  the  form  of  the  Hughes  and  Phillips  models 
when  |  F,  -  Fa  |  <  Fa.  The  non-negative  constant 
used  in  this  paper  is  that  deduced  by  Watson  ( 1986). 
His  calculations  may  be  scaled  in  the  approximate  form 

${k)  =  o)k  exp(-G(/?)), 

/>=  W!Vky 

14.5  C(p) 


G  = 


K 

«  -J  d2kk'  J  U(x,  t)E,(x,  k,  /)■  (3.8) 

C(p)  =  - 

0.4  +  /?0579  9 
1,  if  p  <  15, 
5 


(3.13) 


l  P-  10’ 


if  p  >  15. 


To  continue,  we  need  a  model  or  a  prescription  for 
calculating  Fs ,  There  are  several  possibilities:  1 )  The 
IW  field  surface  current  can  modulate  the  SW  field. 
An  equation  from  which  to  determine  Fs  from  V  will 
close  the  system,  permitting  0  and  Fs  to  be  calculated 
simultaneously.  This  is  the  approach  used  by  DD  and 
by  WWC  (with  their  analytic  calculation).  2)  The  SW 
modulation  may  be  determined  by  external  environ¬ 
mental  factors.  This  might  be  due  to  wind  variability 
(for  example,  see  Gill  1984),  spatial  variation  of  swell, 
Langmuir  circulation,  etc.  An  example,  assuming  a 
modulated  ocean  swell,  will  be  described  in  section  5. 
3)  Modulation  can  also  result  from  random  statistical 
fluctuations  of  the  SW  field. 

To  describe  the  first  of  these  n»  adulation  possibilities 
we  shall  adopt  a  simple,  often  used  model  that  takes 
account  of  the  inequalities  (2.1 ).  In  the  ray  path  ap¬ 
proximation  we  can  write  ( for  example,  see  Hassel¬ 
mann  1968) 


When  the  action  source  term  S  in  ( 3.9 )  is  negligible, 
we  expect  the  total  energy  of  both  wave  fields  to  be 
constant.  (The  Hamiltonian  formulation  of  WWC  as¬ 
sures  energy  conservation  when  there  is  no  SW  damp¬ 
ing.)  To  verify  this,  we  write 


Fs  =  0, 


f  ~  f  Muk 

*  d 

—  +  x*Vx  +  k  -V  +  /:•  Vk 

J  Aq  J 

dt 

or 


Es  +  J  — ■  J  d2k[(X'Vx  +  k'Vk)(uk  X  Fs) 

-F,(Vk«*)*  k]  =  0. 


-  +  xVx  +  k-Vw 
dt 


Fj(x,  k,  /)  =  S(x,  k,  /)•  (3.9) 


Then 


Now 


E,  =  f  d2Jck-cg(k)Fs.  (3.14) 


k-c*  =  V*(U'k)  w  k-U, 
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where  we  have  made  use  of  the  condition  (3.3).  Thus 
(3.14)  becomes 


E,  =  J  d2x/A0  J  d2kk‘\JF,(x,  k,  /)  = 


(3.15) 


The  last  form  follows  from  energy  conservation.  In  ob¬ 
taining  ( 3. 1 5 )  we  have  made  use  of  the  condition  ( 3.3 ). 

We  see  that  this  provides  an  alternate  derivation  of 
( 3.8 ).  When  SW  damping  is  significant.  (3.15)  remains 
valid  for  the  IW  energy  rate,  but  an  additional  term  is 
added  to  the  SW  energy  rate  of  change. 

Equations  ( 3.5)  and  (3. 14)  describe  the  response  of 
the  IW  field  to  a  modulated  SW  field.  When  this  mod¬ 
ulation  is  driven  by  the  IW  field,  (3.9)  may  be  used 
(this  is  the  case  explicitly  considered  by  WWC  and 
DD,  who  did  not  include  SW  relaxation,  however)  to 
close  the  set  of  equations. 

Olbers  and  Herterich  ( 1979 )  presented  calculations 
using  the  "spontaneous  creation"  mechanism.  (We  use 
this  term  since  internal  wave  energy  does  not  have  to 
be  present  for  this  process  to  work.)  The  rate  at  which 
the  IW  field  receives  energy  from  the  SW  field,  as  ob¬ 
tained  by  Olbers  and  Herterich  ( 1979),  is 


mjs  K)\ 

*  I , 


47r«gp0Ar0n  f 

KB2  J 


d2k(kx2/ma(k) 


X^k'Mui-uv-tt).  (3.16) 


Here  the  .v-axis  has  been  chosen  as  the  direction  of  the 
vector  K  and  k'  =  k  —  K,  ft  -  ft(y,  K).  The  dimen¬ 
sionless  quantity  a  is 


(VKBINq)2 


(3.17) 


The  distortion  in  Fa  due  to  the  IW  current  is 

FU  k,  l)  -  Fs  -  Ftt,  (4.2) 

and  the  linearized  form  of  (3.9)  is 


d 

dl 


+  (Cjt  -  Ci) 


F' 


dUdFa 
■'  dz  dkx 


-0F’ 


(4.3) 


where  cx  is  the  x-component  of  c x.  It  is  convenient  to 
introduce  positive  and  negative  frequency  parts  of  F' 
in  (4.3) 

F’  =  [tf(k.f)e'*{  +  c.c.]/2. 


so  (4.3)  becomes 
*  ^ 

+  0  +  -  ci) 

Equation  ( 3.9)  for  U  can  now  be  expressed  as 

dO  f 

—  =  -(/«AW(A'S-p0)]  J  d2kkxH,  (4.5) 


H  =  iKky  ^  C.  (4.4) 

uK  v 


where  the  dimensionless  quantity  « is  given  by  ( 3. 1 7 ). 

We  may  suppose  that  C  and  //  evolve  from  initial 
values  L'( 0)  and  H{k,  0)  at  time  t  =  0.  An  explicit 
solution  to  (4.4)  and  (4.6)  is  then  readily  obtained 
using  a  Laplace  transform. 


C  = 
H  = 


J’ 

r 

Jo 


I'-c'Cdt , 


e~p'Hdt. 


For  the  quantity  0  we  find 
[p  —  aJ]  0  =  C( 0)  -  i[aN0/(KB2p0)] 


where  Vj  K  is  given  by  (2.7). 

In  the  next  section  we  shall  present  calculations  of 
the  energy  exchange  between  SW  and  IW  fields  using 
(3.5)  and  (3.9)  for  the  modulation  mechanism  and 
(3.16)  for  the  spontaneous  mechanism.  In  Section  5 
we  discuss  IW  generation  by  a  naturally  modulated 
ocean  swell.  Finally,  in  section  6  we  investigate  the 
case  that  the  SW  field  is  strongly  modulated  by  a  packet 
of  internal  waves. 

4.  The  case  of  weak  modulation 


X  J  d2kkxH(k ,  0  )/[p  +  0+  iK(cx  -  c/)],  (4.7) 
with 


J  =  (N0/B2) 


J 


d2kkx2  ^[Vk%(k)\ 
P  +  0  +  iK{cx  -  c,) 


(4.8) 


Here  is  the  SW  displacement  spectrum  (2.18). 

The  free  response  of  the  system  is  obtained  from  the 
equation 


When  the  IW  surface  current  is  sufficiently  weak  we 
may  linearize  (3.9)  in  U.  In  this  case  there  is  no  cou¬ 
pling  among  the  modes  and  it  suffices  to  consider  only 
a  single  IW  mode,  say  ( j ,  K).  We  may  take  K  parallel 
to  the  .v-axis  and  write 

U(£,  /)  =  i[U(t)e'K(  +  c.c.]/2,  (4.1) 

where  i  is  a  unit  vector  parallel  to  the  jc-axis  and  £  =  x 
-  Cit .  We  shall  also  omit  writing  the  (y,  K)  label  on 
t/,  etc.,  except  where  it  is  needed  for  clarity. 


p  ~  aJ.  (4.9) 

It  will  be  seen  that  \p\  is  sufficiently  small  that  the 
term  p  can  be  dropped  in  the  denominator  of  (4.8). 
Also  we  need  calculate  only  the  real  part  of(4.9),  which 
is  then 


R  t(p)  =  (aNoir/B2)  d2kkx 2 


j 


rrlV^a(k)] 

dkx 


XA  [K(cx-c,)]  (4.10) 
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where 


A  = 


fi/7T 


+  K2u\  -  c,)2  • 
When  ii  is  much  less  than  Q. 


(4.11) 


A[A'(c\  -  o)]  =  5[A'(c\  -  r,)J.  (4.12) 

To  be  compatible  with  ( 3. 1 6 )  we  shall  replace  ( 4. 10 ) 
by 


i>„,  =  2Re(p)  (4.13) 

describing  the  rate  at  which  IW  energy  grows.  Olbers 
and  Herterich  (1979)  also  obtained,  but  did  not  discuss, 
a  result  equivalent  to  (4.10)  and  (4.12). 

The  mean  IW  growth  rate,  averaged  over  all  A'-di- 
rections  ( equivalent  to  averaging  over  all  directions  ), 
is 


i'm  =  z-  f  i (4.14) 
*-7T  J  -  it 

The  rate  at  which  energy  is  received  in  unit  area  of 
ocean,  in  mode  j.  and  within  the  interval  dK  is 


PmU,  K)dK  =  2vvmE,(j.  K)KdK.  (4.15) 
For  E,  we  use  (2.12). 

To  obtain  a  growth  rate  for  the  spontaneous  mech¬ 
anism  we  use  (3.16): 


V5 


dEij.  K) 
dt 


E,U ,  K) 


4vagpoNoQ  r 

KB2  E,  J 


d2k(kx2/k)*a(k)W) 


x  A(A(i\  -  c/)).  (4.16) 

Here  for  consistency  we  have  replaced  the  5-function 
in  (3.16)  by  the  function  (4.1 1 ),  for  which  plausible 
arguments  may  be  given.  The  mean  rate  for  all  A-di- 
rections  is 


(4.17) 

The  rate  at  which  power  is  received  per  unit  area  by 
the  IW  field  is  then 

PAh  WdK  =  27t5,£,0\  K)KdK .■ 

Net  ^-folding  rates  for  the  IW  field  are 

V  =  Vm  +  VS>  (4.18) 

*  =  +  h,  (4.19) 

The  total  power  received  by  the  IW  field  per  unit  area 
is3 


P(j<  K)  =  Pm(j.  K)  +  Ps(jy  K).  (4.20) 

Olbers  and  Herterich  ( 1979)  presented  calculations 
for  the  spontaneous  model  using  (3.16).  They  used  a 
“box”  Vaisala  profile.  (We  have  repeated  selected  ex¬ 
amples  of  their  calculations  to  compare  numerical  re¬ 
sults,  but  have  not  systematically  pursued  this  some¬ 
what  unphysical  Vaisala  profile.)  An  expression  equiv¬ 
alent  to  (4. 10)  and  (4.12)  was  used  by  DD  to  discuss 
IW  generation  by  the  modulation  mechanism  for  a 
thin  thermocline  and  a  narrow  band  ocean  swell. 

A  systematic  investigation  of  the  implications  of 
(4.10)  and  (4.16)  does  not  seem  to  have  been  made, 
perhaps  because  of  the  very  slow  IW  growth  rates 
found.  It  is  our  present  purpose  to  present  calculations 
of  the  implications  of  the  theory  using  somewhat  re¬ 
alistic  Vaisala  profiles  (emphasizing  the  upper  ocean 
waters)  and  the  SW  relaxation  model  of  Watson 
( 1986).  Unless  otherwise  specified,  the  GM  Vaisala 
frequency  model  is  chosen  here  for  all  of  our  calcula¬ 
tions: 


N(z) 


'0,  0  >  r  >  -D, 

kN0  exp[(r  +  D)/B]%  ~D>  z>  -Bh 


5=  1200  m,  N0  =  0.01  sec'1.  (4.21) 

We  shall,  however,  describe  some  calculations  done 
with  a  “Patchex”  model  and  also  with  a  constant  N 
model.  The  mode  functions  Wj%r  were  evaluated  nu¬ 
merically  from  ( 2.3 )  using  both  a  WKB  approximation 
(where  valid)  and  numerical  integration  of  the  differ¬ 
ential  equation.  The  results  from  use  of  the  relaxation 
model  (3.13)  were  compared  with  those  using  the  5- 
function  limit  (4.12).  Generally,  the  two  sets  of  cal¬ 
culations  were  within  a  “factor  of  two”  range  of  agree¬ 
ment,  those  done  with  the  relaxation  model  tending 
to  be  somewhat  larger.  It  should  be  noted  in  this  context 
that  when  0  is  large  A  is  small,  and  when  0  is  small  A 
can  be  replaced  by  the  5-function.  The  short  waves  for 
which  0  is  large  do  not  contribute  strongly  to  the  cou¬ 
pling.  Thus,  we  do  not  expect  dramatically  different 
results  from  the  two  models.  For  consistency  with  the 
condition  (2.1)  we  have  limited  the  integration  in 
(4. 10)  and  (4.16)  to  the  domain  k>  K.  This  constraint 
did  not  seem  to  affect  our  numerical  results,  however. 

In  Fig.  1  we  show  the  e-folding  rate  v(Bw)  [defined 
in  (4. 18)  and  expressed  in  days'*1]  for  a  mixed  layer 
depth  D  -  20  m,  a  wind  speed  W  =  10  m  s~‘ ,  and  the 
first  vertical  mode  corresponding  to  j  =  1 .  The  curves 
are  labeled  by  the  value  of  KB.  The  striking  feature 
here  is  that  the  energy  transfer  is  overwhelmingly  from 
the  I W  field  to  the  SW  field.  Although  v5  ( 4. 1 6 )  is  pos¬ 
itive  definite,  the  net  rate  is  strongly  dominated  by  the 


3  It  might  be  noted  that  to  evaluate  the  mean  rates  it  is  easiest  to 
first  do  an  analytic  integration  of  (4. 10)  and  (4.16)  over  dw  before 


integrating  over  k.  To  verify  our  numerical  evaluations,  we  have 
done  this  and  also  integrated  over  wind  angles  last,  as  implied  by 
(4.14)  and  (4  17). 
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Fig.  I  The  e-folding  rate  (day'1)  (4.18)  is  shown  as  a  function  Fig.  3.  As  in  Fig.  1,  except  that  the  wind  speed  is  20  m  s"1. 
of  wind  angle  0 « (with  respect  to  the  direction  of  horizontal  propa¬ 
gation  of  the  internal  wave)  for  several  values  of  KB  and  the  mode 
j-  I  The  surface  wave  spectrum  is  that  given  by  (2.19).  (2.20). 

and  (2.21  hand  the  wind  speed  is  10  m  s'1.  Positive  rates  correspond  (2.22 ).  but  with  D  —  60  m.  An  even  more  pronounced 
to  internal  wave  growth,  negative  rates  to  internal  wave  decay.  growth  of  the  IW  field  is  seen. 

There  are  two  reasons  for  the  significant  difference 
between  wind  speeds  of  10  and  20  m  s_l .  First,  at  higher 
contribution  from  the  modulation  mechanism.  The  wind  speeds  vm(6w)  tends  to  have  a  greater  range  of 
small  positive  value  of  v  at  certain  angles  is  sensitive  positive  values;  second,  vs  grows  rapidly  with  increasing 
to  the  SW  spectral  model,  as  was  observed  bv  DD.  This  w'nc*  strength. 

is  illustrated  in  Fig.  2,  where  the  above  calculation  is  In  Fig.  5  we  show  the  average  growth  rate  ( 4. 1 9 )  as 
repeated  using  the  “collimated”  SW  model  (2.22).  The  a  function  of  wind  speed.  Here,  again,  the  mode  cor- 
possibility  of  IW  growth  at  certain  angles  is  much  more  responds  to  j  -  1  and  the  curves  are  labeled  by  the  IW 
pronounced  in  this  case.  horizontal  wavelength  expressed  in  meters.  The  same 

In  Fig.  3  we  repeat  the  calculation  of  Fig.  1 ,  but  with  calculation  is  repeated  in  Fig.  6.  but  with  a  mixed  layer 
a  wind  speed  W  =  20  m  s'1 .  Except  for  KB  =  2,  the  depth  D  =  60  m.  We  see  from  these  results  that  for  W 
pronounced  effect  is  I W  growth,  or  energy  transfer  from  <  1 5  m  s ' 1  or  for  longer  wavelengths  the  predominant 
the  SW  field  to  the  IW  field.  In  Fig.  4  we  repeat  the  effect  is  to  transfer  energy  from  the  IW  field  to  the  SW 
calculation  of  Fig.  3  using  the  collimated  SW  model  field.  This  contrasts  with  the  view  frequently  expressed 


windangl*  wlndangla 


Fig,  2.  The  e-folding  rate  is  shown  for  the  same  conditions  as  in  Fig.  Fig.  4.  As  in  Fig.  2,  except  that  the  wind  speed  is  20  m  $~'  and  the 

( 1 ),  except  that  the  collimated  spreading  function  (2.22)  is  used.  mixed  layer  depth  has  been  changed  as  indicated. 
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Fig.  5.  The  mean  c-folding  rate  (dayM)  (4.19)  js  shown  for  several 
IW  horizontal  wavelengths ( expressed  in  meters) and  mode j  =  I  as 
a  function  of  wind  speed.  The  SW  spectrum  is  that  of  (2.21 ). 


Fig.  7.  The  decay  time  [the  negative  of  the  inverse  of  the  expression 
(4.19)  expressed  in  days]  for  the  internal  wave  held  is  shown  as  a 
function  of  (W  horizontal  wavelength  and  a  wind  speed  of  1 0  m  s ' 1 . 
Results  are  shown  for  the  first  three  vertical  modes  and  the  surface 
wave  spectrum  is  that  of  ( 2.21 ). 


that  wind  waves  tend  to  generate  internal  wave  energy, 
however  slowly. 

In  Figs.  7  and  8  we  show  the  IW  decay  time 
(=  expressed  in  days,  as  a  function  of  the  IW 

horizontal  wavelength  and  for  j  =  I.  2,  3.  The  wind 
speed  is  10  m  s  1  and  D  =  20  and  60  m.  Although  not 
shown,  the  decay  time  for  j  =  I  increases  with  hori¬ 
zontal  wave  length  for  lengths  greater  than  15  km. 

For  the  first  mode,  corresponding  toy  =  1.  the  time 
scales  presented  here  tend  to  be  significantly  less  than 
the  50  to  100  day  decay  times  quoted  in  the  Introduc¬ 
tion.  The  decay  times  for  the  second  mode  tend  to  lie 
in  this  50  to  100  day  range.  For  the  higher  modes  the 


energy  exchange  between  the  SW  and  IW  fields  does 
not  appear  to  be  very  significant. 

In  Fig.  9  we  show  the  ratio 

_<\ 

v,» 

as  a  function  of  wind  speed  for  several  IW  horizontal 
wavelengths  and  D  -  60  m.  When  IV  <  15  m  s'1  the 
contribution  of  the  spontaneous  mechanism  to  the  net 
energy  exchange  is  seen  to  be  negligible. 

The  power  delivered  to  the  SW  field  from  the  IW 
field. 


Fic.  8.  As  in  Fig.  7,  except  that  the  mixed  layer  depth 
is  changed  as  indicated. 
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Fig.  9.  For  ihc  data  obtained  lor  Fig.  6  we  show  the  ratio  of  con¬ 
tributions  from  the  spontaneous  and  modulation  mechanisms  as  a 
function  of  wind  speed  for  several  IW  horizontal  wavelengths  (ex¬ 
pressed  in  meters). 


0  10  20 


Wind  Spud  (m/s) 

Fig.  10.  The  power  per  unit  area  (4.23)  extracted  from  the  IW 
field  by  the  SW  field  shown  as  function  of  wind  speed  for  the  first 
three  vertical  modes.  The  SW  spectrum  is  that  specified  by  (2.21 ). 


p(j) = -  r 

Ja*o 


P(J ,  K)dKy 


(4.23) 


N(Z)  = 


'0,  0  >  Z  >  -50  m 
Nq  =  0.01,  -50  m  >  Z  >  -1000  m, 


is  shown  as  a  function  of  wind  speed  in  Fig.  10.  The 
curves  are  labeled  by  the  mode  number  j.  The  mixed 
layer  depth  is  60  m  and  we  have  taken  K{)B  =  0.5.  The 
total  GM  energy  ( 2. 1 2 )  for  the  first  mode  in  this  wave¬ 
length  range  is  about  70  J  m  so  a  few  days  are  re¬ 
quired  to  deplete  this  mode  when  the  wind  speed  is  in 
the  10  ms’1  range. 

The  dependence  of  v  on  mixed  layer  depth  D  is 
shown  in  Fig.  1 1  for  several  selected  IW  horizontal 
wavelengths  and  j  =  1.  The  wind  speed  here  is  10  m 
s~! .  The  variation  of  the  rates  v  with  D  is  dominated 
by  the  exponential  factor  exp (KD)  in  (2.3). 

We  have  examined  several  data  sets  for  N(z)  taken 
by  Pinkel4  during  the  Patchex  experiment.  Represen¬ 
tative  of  some  of  these  is  a  strong  thin  thermocline  at 
50  m  depth  superimposed  on  a  Vaisala  profile  similar 
to  (4.21 ).  We  model  this  thermocline  as  a  density  dis¬ 
continuity  of  strength 

f  N2dz  =  0.035  m  s~2. 

•/thermocline 

The  IW  decay  time  for  this  "Patchex”  profile  is  shown 
in  Fig.  12  for  a  wind  speed  of  10  m  s"1 .  These  results 
are  seen  to  differ  little  from  those  of  Fig,  8.  The  energy 
transfer  rates  are  certainly  sensitive  to  gross  variations 
in  the  Vaisala  profile,  however. 

To  see  the  effects  of  a  significant  change  in  the  Vais¬ 
ala  profile  we  consider  the  model 


4  We  are  indebted  to  Dr.  Pinkel  for  the  use  of  this  data. 


with  the  ocean  bottom  at  1000  m  depth.  The  resulting 
IW  decay  times  are  shown  in  Fig.  13. 

To  illustrate  the  significance  of  our  calculations,  we 
refer  to  Table  1,  where  yearly  means  for  wind  speed 
and  mixed  layer  thickness  are  quoted  for  three  locations 
on  the  North  Pacific  Ocean.  We  recognize  that  the 
mixed  layer  is  much  more  complex  than  accounted 
for  in  our  model  and  can  vary  significantly  in  a  day’s 
time,  as  can  the  wind.  Reference  to  Figs.  8  and  10  does, 


^,940 

20  60  100 


0«pth  (m) 


Fig  .11.  The  negative  of  the  e-folding  rate  (4.19)  shown  as  a  func¬ 
tion  of  mixed  layer  depth  for;  =  1,  a  wind  speed  of  10  m  s"1,  and 
the  SW  spectrum  ( 2.2 1 ).  The  curves  are  labeled  by  the  IW  horizontal 
wavelength. 
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Fic  12.  The  IW  decav  time  is  shown  Tor  the  same  conditions  as 
those  of  Fig  7.  except  that  the  “Patches”  Vaisala  profile  is  assumed 


however,  suggest  that  for  these  areas  the  first  mode 
internal  wave  should  decay  rapidly.,  if  no  source  for 
maintaining  this  exists.  To  be  more  precise,  we  are  led 
to  expect  IW  decay  within,  perhaps,  10  to  20  days  for 
internal  waves  in  the  wavenumber-frequency  range: 

horizontal  wavelength:  1  to  20  km 

vertical  wavelength:  >1  km 

frequency /jV0:  0.15  to  0. 7.  (4.24) 

Theories  for  the  transport  of  internal  wave  energy 

imply  that  the  long  vertical  wavelength  (low  mode 
number)  waves  act  as  a  source  of  energy  which  flows 
to  higher  mode  numbers,  where  shear  instabilities  lead 
to  turbulent  dissipation  (for  example,  see  Gregg  1989). 
McComas  (1978)  conjectured  on  the  basis  of  the  work 


Fig.  13.  As  in  Fig.  12,  except  a  constant  Vaisala  profile  is  assumed 


Table  1.  Yearly  average  wind  speed  and  mixed  layer  thickness* 
for  three  areas  of  the  North  Pacific  Ocean.  Data  taken  from  the  1989 
U.S.  Pilot  Charts. 


Mean  wind  speed 

Average  mixed 

Location 

(m  s"1) 

layer  thickness  (m) 

50°N.  I75°W 

90 

50 

35°N,  I65°W 

75 

45 

25°N,  I35°W 

6.7 

70 

*  Robinson.  M  .  1976  Atlas  of  the  North  Pacific  Ocean  Monthly 
Mean  Temperatures  and  Mean  Salinities  of  the  Surface  Laver.  Naval 
Oceanographic  Office. 

Reid,  J.  (private  communication)  data  from  1966  Boreas  Expe¬ 
dition 

Reid.  J .  1982  On  the  use  of  dissolved  oxygen  concentrations  as 
an  indicator  of  vintcr  convection  Naval  Research  Reviews.  No  3 

of  McComas  and  Bretherton  (  1977)  that  the  high  fre¬ 
quency-low  mode  number  region  of  the  IW  spectrum 
is  fed  by  an  external  energy  source  and  that  this  energy 
flows  to  lower  frequency  and  high  mode  numbers.  The 
detailed  studies  of  energy  balance  within  the  IW  spec¬ 
trum  made  by  McComas  and  Bretherton  ( 1977)  and 
by  Pomphrcy  et  al.  ( 1980)  were  not.  however,  extended 
into  the  high  frequencx  domain  where  we  find  strong 
SW-IW  interactions.  The  careful  analysis  of  Flatte  et 
al.  ( 1985 )  also  did  not  address  this  high  frequency  do¬ 
main.  The  injection  of  energy  from  mesoscale  current 
shears  into  the  IW  field  occurs  within  the  inertial  fre¬ 
quency  band,  according  the  calculations  of  Watson 
( 1985).  Bell  ( 1978)  has  given  a  calculation  that  suggests 
that  energy  can  be  injected  into  the  internal  wave  field 
at  high  frequency  and  low  mode  numbers  by  mixed 
layer  flow.  Rates  could  not  be  given  with  confidence 
by  Bell  because  of  a  lack  of  knowledge  of  the  relevant 
environmental  parameters. 

We  are  left  with  an  unclear  picture  of  the  energy 
source  (of  sources)  required  to  maintain  the  internal 
wave  spectrum  in  the  domain  (4.24),  and  in  fact  of 
the  actual  levels  of  internal  wave  energy  in  this  domain. 

5.  Generation  by  ocean  swell 

Several  observations  have  been  reported  (for  ex¬ 
ample,  see  Apeietal.  1975;Briscoe  1983)  which  suggest 
that  a  strong  ocean  swell  may  generate  internal  waves. 
Generation  by  a  sharply  collimated  swell  was  investi¬ 
gated  by  DD,  who  found  IW  growth  for  a  sufficiently 
narrow  SW  spreading  function  and  a  sharp  thermocline 
Vaisala  model. 

In  this  section  we  illustrate  IW  generation  from  a 
narrow  band  SW  system  by  two  mechanisms.  The  first 
is  the  modulation  mechanism  as  described  by  (4.10). 
The  second  is  generation  from  a  swell  wave  field  that 
has  a  prescribed  modulation  (not  resulting  from  IW 
interactions).  Equation  (3. 15 )  is  used  to  calculate  IW 
generation  by  this  mechanism.  We  can  use  the  exact 
resonance  condition  (4.12)  for  both  of  these  because 
of  the  relatively  long  wavelength  of  ocean  swell. 
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For  the  first  mechanism  described  above,  we  replace 
(2.19)  by 


S{k)  = 


g2> 


exp[  — (/:  -  kp)2/{2A2)],  (5.1) 


where  A  and  kp  are  parameters.  It  is  supposed  that 
A  <1  kp. 

Equation  ( 2.20 )  is  used  for  the  spreading  function  and 
it  is  now  assumed  that 


<j  P  1 . 


We  replace  the  angle  in  G  by  0 ,  to  indicate  that  this 
is  the  angle  between  the  direction  of  swell  propagation 
and  that  of  K. 

Conditions  ( 5.2 )  and  ( 5.3 )  permit  an  analytic  eval¬ 
uation  of  (4. 10).  If  we  choose  6 x  to  give  maximum  IW 
growth  rate  (that  is,  approximately  90° )  we  obtain 


Rate  (day"1)  =  1.7  X  105  R e(p) 

_  1.9  X  104(f2)V«cr2  /fl2\ 
(KB)2H 


(5.4) 


where 


Here  a  is  defined  by  (3.17). 

To  illustrate  (5.4)  we  choo^  a  swell  wavelength  of 
145  m, //  =  Ua-  10, <f2)/rp2  =  0.04,  and  the  Vaisala 
profile  (4.2 1 ).  The  growth  times  [that  is,  the  reciprocal 
of  (5.4)]  for  the  first  three  modes  are  shown  in  Fig. 
14.  Reference  to  Fig.  4,  which  describes  a  similarly 
collimated  spectrum,  illustrates  the  sensitivity  of  the 


Fig.  14.  The  IW  growth  time  [the  reciprocal  of  (5.4),  expressed 
in  days]  due  to  interaction  with  ocean  swell  is  shown  as  a  function 
of  horizontal  wavelength  for  the  first  three  vertical  modes. 


growth  rate  on  the  angle  8S.  It  is  seen  that  e-folding 
rates  in  the  range  of  ( 1  day)-1  may  be  expected. 

To  even  a  casual  observer  a  swell  wave  train  exhibits 
modulation  in  the  direction  of  its  propagation  (as  a 
time  record  taken  at  a  fixed  position  would  show). 
Because  the  resonance  condition  (3.3)  requires  that 
the  swell  angle  6S  be  nearly  90°,  we  require  modulation 
also  along  the  wave  crests.  One  might,  for  example, 
expect  such  modulation  to  be  related  to  the  width  <r-1 
of  the  spreading  function.  Snodgrass  et  al.  ( 1 966 )  have 
discussed  a  number  of  phenomena  which  may  deter¬ 
mine  the  swell  spectrum,  such  as  the  dimensions  of 
the  region  in  which  swell  is  produced,  refraction  by 
currents,  and  scattering  from  wind  waves,  islands,  or 
shallow  areas  in  the  swell  path. 

We  have  not,  however,  found  data  from  which  to 
model  Fs  in  (3.15),  so  are  led  to  a  very  simplified  model 
that  illustrates  the  mechanism  and  permits  analytic  in¬ 
tegration  of  (3.15).  We  consider  the  swell  to  be  rep¬ 
resented  as  a  sequence  of  wave  trains,  each  of  length 
T  and  of  the  form: 

Fg  =*  PoW-v,  /c,  Ot 
*  =  A/(.v,  t)S(k)G(0  -  0S), 

M(xJ)  =  2  P(L){1  +  e~,/T cos[L*(x  -  c*)]}, 

L 

(5.5) 


where  t  >  0  and 


ZW  =  l. 

L 

Here  c*  is  the  group  velocity  of  the  swell  and  we  suppose 
that  P  describes  modulation  along  the  swell  crests. 

To  continue,  we  assume  that  E,  in  ( 3. 1 5 )  represents 
the  IW  energy  in  a  restricted  band  which  matches  the 
resonance  condition  (3.3).  The  current  U  is  that  due 
to  this  restricted  IW  band.  For  5 in  (5.5)  we  use  (5.1 ). 

Equation  (3.15)  may  be  integrated  analytically  for 
a  narrow  band  collimated  swell.  We  define  the  average 
power  received  by  the  IW  field  as 

power  =  Et/Ty  (5.6) 

which  is  appropriate  if  swell  groups  such  as  ( 5.5 )  arrive 
at  intervals  T.  We  find  from  (3.15)  that 

power  =  0.25po(N0B)2  Ba(Q/ No)(  Tuikp)2 

X  [<f 2)/B2]2{P2/(KBT)).  (5.7) 

Here  P  is  the  weighted  sum  of  P(  K)  over  the  specified 
IW  band. 

To  illustrate  (5.6)  we  take  kp  =  2jt/145  m-1,  T 
=  100  s  and  (  f2)  =  20  m2.  The  quantity 

power/ P 2 

is  shown  in  Fig.  15  for  the  first  three  modes.  We  see 
from  these  results  that  if  the  swell  modulation  well 
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w«v«l*ngth  (m) 

Fig.  15.  The  IW  power  per  unit  area  received  from  a  modulated 
ocean  swell  (5  7)  is  shown  for  the  first  three  vertical  modes  as  a 
function  of  horizontal  wavelength. 


matches  the  IW  field  that  rather  intense  generation  of 
internal  waves  can  result. 

6.  Nonlinear  modulation  of  surface  waves 

In  this  section  we  shall  investigate  the  interaction  of 
surface  waves  with  an  IW  packet  that  has  a  finite  extent 
in  the  .v-direction,  but  is  uniform  in  the  r-direction.  A 
finite  packet  of  internal  waves  may  arise  from  statistical 
fluctuations  in  the  ambient  field,  from  uneven  topog¬ 
raphy,  or  a  transient  source.  In  the  interest  of  numerical 
simplicity  we  shall  set  S  =  0  in  (3.9).  Damping  will 
be  accounted  for  by  ignoring  those  portions  of  the  SW 
spectrum  for  which  a  significant  SW-IW  interaction 
time  T,  is  greater  than  the  relaxation  time,  or 

T,>r'(k).  (6.1) 

We  express  the  IW  surface  current  U  in  the  form 
U  =  i£/0K(£).  (6.2) 

It  is  supposed  that 

K  =  0  for  £<$,  or  £  >  £2  (6.3) 

and  that  within  the  range  (i  <(<  (2 

K«cos(A:£).  (6.4) 

We  may  now  write  (3.9)  in  the  form 

tTt  +  /c'£k  =  0'  (6'5> 

o£  dkx  _ 

where 

£  =  Cg(k)(kx/k)-C,+  U0V(k:, 
y  ~  Cg(k){ky/k)f 

29 


kx=-kxU0  —  > 

OK 

ky  -  0.  (6.6) 

We  shall  consider  only  surface  waves  which  travel 
in  the  positive  A*-direction  and  overtake  the  packet.  For 
those  waves  which  have  not  yet  reached  the  IW  packet, 
say  at  time  /0  and  position  £  <  £1,  we  have 

Fs  =  Fa.  (6.7) 

Similarly,  we  have 

k  =  ko,  a  constant  for  /  <  /0.  (6.8) 

Then  having  integrated  the  ray  equations  (6.6)  to  a 
point  (A:,  £)  within  the  packet  we  may  set 

/\(k,  £)  =  F<,(ko).  (6.9) 

A  simple  technique  for  evaluating  Fs(  A;,  £)  is  to  choose 
a  specific  value  of  ( A:,  £)  and  to  integrate  ( 6.6 )  backward 
in  time  to  a  location  £  <  £i .  For  £  <  £,,  we  know  that 
k  =  A^).  Then  with  the  use  of  (6.9)  we  obtain  immediately 
the  numerical  value  of  Fs(k,  £). 

On  integrating  (6.6)  we  must  distinguish  four  tra¬ 
jectory  types: 

1 )  those  which  pass  through  the  packet  from  £!  to 
£2 

2)  those  which  have  entered  the  packet  at  £1,  ar.d 
are  turned  back  at  the  point  where  cl£/dt  =  0  [equiv¬ 
alent  to  the  resonance  condition  (3.4)],  and  then  pass 
back  out  of  the  packet  at  £  =  £1 . 

3)  those  which  have  been  overtaken  by  the  packet 
at  £  =  £2 

4)  those  which  are  trapped  within  the  packet. 

We  shall  ignore  the  type  3  and  type  4  trajectories. 
We  must,  however,  calculate  the  type  1  and  type  2 
trajectories.  The  type  1  trajectories  do  not  lead  to  an 
energy  exchange  between  the  two  fields,  since  on 
emerging  from  the  packet  a  SW  has  the  same  wave- 
number  as  it  had  on  entering. 

The  rate  of  energy  exchange  to  the  IW  field  is  ob¬ 
tained  from  (3.8)  and  (6.9)  as 


Xsin(K£)F5(k,£).  (6.10) 

Here  we  have  taken  Lx  =  £2  -  £1 . 

As  a  first  example  we  set 

F(£)=  1.46  cos(/C£)/  { (1  +  exp(  -0.5tf£)] 

x  [I  +  exp(0.5Af£  -  6.28)] }  (6.11) 

and  take  (here  A/  is  the  internal  wave  wavelength) 

standard  profile  (4.21 ) 

D  =  20  m 
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U0  =  0.25  m  $“* 
c;  =  0.56  m  s'1 
X, =  470  m 


0H  =  30°. 


(6.12) 


This  is  a  strong  internal  wave,  corresponding  to  a  ver¬ 
tical  displacement  at  the  thermocline  of  8  m. 

The  resulting  modulation  function  .\/(A\  £)  [see 
(2.17)]  is  shown  as  the  solid  curves  in  Fig.  16  for  the 
location  Ki;  -  In.  The  lines  are  labeled  by  the  direction 
of  k  and  shown  as  functions  of  k .  The  corresponding 
results  obtained  from  linear  perturbation  theory  (4.4) 
are  represented  by  the  dashed  lines.  The  blocking  of 
the  SW  field  is  seen  at  those  values  of  k  where  M  van¬ 
ishes. 

To  study  the  energy  transfer  ( 6. 1 0 )  we  take 


m)  = 


cos( Ki; ),  tt/2  <  <  5n/2 

0,  outside  above  range. 


(6.13) 


and  continue  to  use  the  parameters  given  in  (6.12). 

We  have  seen  that  waves  having  type  ( 1 )  trajectories 
may  be  excluded  from  the  integrand  in  (6.10).  We 
also  exclude  those  type  (2)  waves  for  which  the  time 


Mm  -1) 


Fig.  16.  The  modulation  function  M(K.  $)  is  shown  for  the  pa¬ 
rameters  (6.12)  and  a  location  corresponding  to  -  3ir  The  curves 
are  labeled  by  the  direction  of  k .  The  solid  curves  obtained  using 
nonlinear  theory,  the  dashed  curves  from  the  linearized  equation 
(4.3). 


T,  to  propagate  from  £  =  tt/(2K)  to  the  turning  point 
exceeds  /3"1  [condition  (6.1 )].  We  see,  then,  that  just 
as  in  the  linear  theory  of  the  last  Section,  the  triad 
resonance  condition  must  be  met  in  order  that  energy 
be  exchanged  between  the  two  fields. 

Surface  waves  reaching  the  packet  (6.13)  encounter 
an  1W  current  in  the  negative  .v-direction.  This  current 
tends  to  drive  the  surface  waves  back  out  of  the  packet. 
If  there  is  a  turning  point,  corresponding  to  dl-/di  =  0. 
this  will  occur  in  the  interval  k/2  <  A.'£  <  ir.  The  ad¬ 
verse  current  does  work  on  the  SW  field,  so  tends  to 
increase  the  SW  energy.  This  is  seen  mathematically 
in  (6.10).  since  At  >  1  and  sin ( A£)  is  positive  in  the 
interval  tt/2  <  A'£  <  ir. 

For  the  parameters  given  in  (6.12)  the  expression 
(6.10)  was  evaluated.  A  characteristic  time  was  ob¬ 
tained: 

T^[EAJ.K)IE,(J.K)Y'  =  -24  days.  (6.14) 

For  a  mixed  layer  depth  D  =  80  m.  we  would  have 
obtained  Tj  =  -70  days.  We  note  (see  Fig.  16)  that 
for  this  case  waves  near  the  spectral  peak  do  not  con¬ 
tribute  to  the  energy  exchange. 

Because  (6.9)  is  nonlinear,  the  coupling  leads  to 
spectral  transfer  within  the  IW  field.  For  example,  let 
us  consider  a  second  IW  mode  (/,  A')  for  which 

V  =  V'n  cosilC.x  -  c',t  +  a).  (6.15) 

The  total  1 W  current  is  the  sum  of  ( 6. 1 3 )  and  ( 6. 1 5 ). 
If,  however,  V J>  is  too  small  to  significantly  modulate 
F,,  then 

£,(/,  AT')  = 

Lx  j  d2kkxcxs\n(K'l)Fs(k,Z)  (6.16) 

where  Fs  is  determined  by  (6.13)  only.  Evidently,  de¬ 
pending  upon  the  mode  (/,  K')  either  sign  may  be 
encountered  in  (6.16).  The  implication  of  this  is  that 
in  the  nonlinear  regime,  energy  may  be  transferred 
among  the  IW  modes  through  SW  coupling. 


7.  Conclusions 

We  have  described  mechanisms  for  energy  exchange 
between  internal  wave  and  surface  wave  fields.  The 
important  effect  in  the  case  of  wind  waves  is  the  drain¬ 
ing  of  energy  from  the  IW  field  in  the  high  frequency, 
long  vertical  wavelength  domain.  This  would  seem  to 
be  significant  in  assessing  the  factors  which  determine 
the  total  energy  budget  of  the  internal  waves.  In  re¬ 
viewing  existing  models  which  describe  energy  fluxes 
into  and  within  the  IW  spectrum,  we  have  tentatively 
identified  mixed  layer  flows  as  a  possible  source  of  the 
required  energy.  Partial  depletion  of  the  IW  spectrum 
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in  the  region  of  high  energy  loss  and  at  times  of  high 
energy  loss  might  occur. 

We  have  not  explored  here  the  dependence  of  the 
energy  exchange  rates  on  the  VaisalM  profile.  To  real¬ 
istically  assess  the  implications  for  internal  wave  energy 
balance,  measured  upper  ocean  profiles  of  N  foi  se¬ 
lected  locations  and  seasons  should  be  used.  Also,  this 
should  be  related  to  historical  records  of  wind  speed 
for  these  locations. 

As  concluded  by  DD,  a  we!!  collimated  ocean  swell 
may  play  a  different  role  in  that  this  can  lead  to  rapid 
1W  growth.  Although  this  may  be  locally  significant, 
it  is  not  expected  tc  be  important  for  the  1W  total  en¬ 
ergy  budget. 

We  have  mentioned  that  external  sources  of  SW 
modulation,  such  as  the  envelope  of  swell,  wind  vari¬ 
ability.  and  Langmuir  cells,  may  lead  to  IW  generation. 
Nonlinear  modulation,  such  as  SW  blocking,  has  been 
seen  to  introduce  new  aspects  relating  to  SW-IW  cou¬ 
pling. 
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APPENDIX 

Derivation  of  Equation  (3,5) 

To  derive  ( 3.5 )  we  first  note  that  in  the  mixed  layer 
the  flow  can  be  represented  by  a  velocity  potential  <f> 
of  the  form 

<f>  =  0*(x,  0  +  r,  /).  ( A 1 ) 

Here  x  =  (a\  y)  is  a  vector  in  a  plane  of  constant  r. 
The  term  <t>K  contains  the  high  frequency,  high  wave- 
number  part  of  4>  associated  with  gravity  waves,  while 
0i  contains  the  low  frequency,  low  wavenumber  part 
of  <f>  associated  with  internal  waves.  The  vertical  dis¬ 
placement  of  the  ocean  surface  due  to  wave  motion, 
can  likewise  be  represented  as  a  sum  of  a  high  frequency 
part  k  and  a  low  frequency  part  f,: 

ru,  0  -  SrU,/)  +  f.U.O-  (A2) 

The  SW-IW  coupling  was  obtained  in  WWC  from 
Bernoulli’s  equation  at  the  surface  ( here  V,  is  the  hor¬ 
izontal  component  of  V): 

Yt  +  =  w  at  :=f.  (A3) 

where  vv  is  the  vertical  component  of  fluid  velocity.  On 
averaging  (A3)  over  many  realization  of  the  SW  field 
and  on  extracting  the  low  frequency  and  low  wave- 
number  part,  WWC  and  DD  obtained  the  relation  [Eq. 
(2.12)  of  WWC  or  (6.3)  of  DD] 


vv,  =  |!=  <V,(f,V10I)V 

*  T(x,  /),  at  z  =  0.  (A4) 

The  symbol  (  )lf  here  implies  both  the  ensemble 
average  over  SW  field  realization  and  the  low  pass  filter 
in  frequency  and  wavenumber.  Also,  in  (A4)  only  the 
second  order  triad  terms  are  kept. 

We  may  use  (2. 14)  to  re-express  (A4)  in  terms  of 
the  SW  action  density  (as  was  done  by  DD): 

Hx.  /)  =  V,*  J  d2kkFs[x*  k.  r)/Po-  (A5) 

This  will  be  recognized  as  the  gradient  of  the  SW  mo¬ 
mentum  per  unit  area.  It  represents  the  dri\er  of  in¬ 
ternal  wave  excitation. 

To  satisfy  the  condition  (3.6)  WWC  generalized 
(2.4): 

u*,(x,  0.  /)  =  2  ^K  x^/.k^m(0)  +  T(x,  /).  ( A6) 

y.K 

They  then  obtained  a  set  of  differential  equations  for 
the  amplitudes  Aj ,  k .  On  rewriting  these  in  terms  of 
the  U  of  ( 2.7 )  we  obtain  ( 3.5 ). 
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With  use  of  a  method  of  Arnol'd,  we  derive  the  necessary  and  sufficient  conditions  for  the 
formal  stability  of  a  parallel  shear  flow  in  a  three-dimensional  stratified  fluid.  When  the  local 
Richardson  number  defined  with  respect  to  density  variations  is  everywhere  greater  than  uni¬ 
ty,  the  equilibrium  is  formally  stable  under  nonlinear  pertrubations.  The  essential  physical 
content  of  the  nonlinear  stability  result  is  that  the  total  energy  acts  as  a  “potential  well”  for 
deformations  of  the  fluid  across  constant  density  surfaces;  this  well  is  required  to  have  defin¬ 
ite  curvature  to  assure  stability  under  these  deformations. 

PACS  numbers'  47.20  +  m.  03  40  Gc.  92  10  l)h 


With  use  of  a  method  of  Arnol’d1  and  others,2,5 
we  have  investigated  the  nonlinear  stability  of  two- 
and  three-dimensional  incompressible  flows  of  an 
inviscid  stratified  fluid  treated  as  a  Hamiltonian  sys¬ 
tem  .  in  this  note,  we  report  on  the  application  of 
this  technique  to  the  important  case  of  a  shear  flow 
with  velocity  profile  U(z),  and  density  profile  piz). 
We  do  not  present  the  full  set  of  conditions  for 
nonlinear  stability  of  this  flow,  but  do  exhibit  the 
necessary  and  sufficient  conditions  for  the  formal 
stability  of  the  flow.  Formal  stability  means  that  a 
certain  functional  of  the  flow  fields  is  definite  in 
sign.  Given  formal  stability,  nonlinear  stability  re¬ 
quires  additional  convexity  estimates  to  be  satisfied. 
These  do  not  alter  the  physical  implications  of  the 
conditions  derived  here.3 

The  two-dimensional  analysis4  of  the  stratified 
fluid  equations  linearized  about  a  planar  shear  flow 
U(z),  piz),  shows  that  neutral  stability  (purely  im¬ 
aginary  spectrum)  occurs  provided  the  Richardson 
number  is  everywhere  greater  than  7.  Here  we 
derive  the  analogous  criterion  for  formal  stability 
for  three-dimensional  nonlinear  deformations  of 
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the  flow.  Our  criterion  is  that  the  local  Richardson 
number  defined  with  respect  to  variations  across 
constant-density  surfaces  must  be  greater  than  L 
This  focuses  attention  on  the  realm  between  7  and 
1  for  intensive  theoretical  and  experimental  investi¬ 
gation. 

We  treat  stability  in  the  Boussinesq  approxima¬ 
tion4  for  incompressible  flow.  See  Ref.  2  for  the 
treatment  of  nonlinear  stability  for  compressible 
flows,  and  Ref.  3.  for  incompressible,  stratified, 
non-Boussinesq  flows.  We  address  solutions  of  the 
momentum  equation 

-fu  +  (u-V)u  --Vp-pgi,  (1) 

dt 

along  with 

-™p  +  u* Vp  - 0  and  V*u-0,  (2) 

0/ 

in  a  domain  on  whose  boundary  the  normal  com¬ 
ponent  of  the  velocity  u  must  vanish  and  the  densi¬ 
ty  p  must  be  constant.  In  (1)  and  (2),  p  is  the  pres- 
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sure  and  g  is  the  constant  gravitational  acceleration 
in  the  -i  direction.  The  constant  reference  density 
multiplying  the  acceleration  in  (1)  has  been  set 
equal  to  unity. 

Solutions  to  these  equations  conserve  the  energy 
JrfMi-luP  +  ptfr).  (3) 

Both  p  and  the  potential  vorticity 

<7  «•  ( V  x  u )  •  Vp  (4) 

are  conserved  along  fluid  particle  trajectories. 


Thus,  for  an  arbitrary  function  G(q,p)% 

A  (u,p) 

-  fd3x[j\Ti\7  +  pgz  +  G(q,p)  + A?)  (5) 

is  conserved.  The  term  A q  in  (5)  is  separated  to 
cancel  some  boundary  terms  which  arise  below. 
The  role  of  the  function  G(q,p )  is  that  of  a  famil¬ 
iar  Lagrange  multiplier  expressing  the  constraints 
on  the  flow  imposed  by  conservation  of  q  and  p. 

We  now  examine  the  first  variation  of  /t(u.p) 
and  relate  its  critical  points  to  stationary  solutions 
u*.  The  first  variation  is 


bA  (u„p, )-  fd}x  |6u  *  (u,  -  GffVp,  x  V<7,i  +5p(*z  +  Gp(V  x  uf )  •  VGf  II 

+  (A  +  Gq)  If  fdsn  •  |8p  V  x  u f  -  V pt  x  V  u,L 


(6) 


where  Gp-8G/dp  evaluated  at  qtpf%  etc.,  S  is  the 
boundary  surface  of  the  domain  of  the  flow,  and  n 
is  the  outward  unit  normal  vector  on  5. 
bA  in  (6)  vanishes  at  u„  p,  satisfying 


From  this  we  see  that  a  sufficient  condition  for 
formal  stability  is  that  the  eigenvalues  of  the  two- 
by-two  matrix  in  (12)  are  positive;  namely, 


u,-G*Vpf  xV<7„ 

£z +(/,••  (Vx  ur)  VGq 
in  the  interior,  and 


(7)  G„  >  0, 

(8)  and 

—  Gqp  >  0. 


(13) 

(14) 


A  -  -Gf  (9) 

on  the  boundary.  Flows  satisfying  (7)  and  (8)  can 
be  verified  to  be  stationary  solutions  of  (1)  and  (2). 
Expression  (7)  implies  the  requirements  u, 
•  Vp€-  u,  •  V<7,-0  for  stationary  flows;  (8)  is  the 
three-dimensional  analog  of  Long’s  equation.3 

We  use  (7)  and  (8)  to  determine  G(q„pt)  in 
terms  of  the  Bernoulli  function 

K  (qe,pe)~p,+ptgz  +  I \ut\2.  (10) 

via 

G^t,P')-qtf'4LK(x.P')+<leY(p').  (11) 


where  y  (p€)  is  an  arbitrary  function  of  pt. 

An  equilibrium  flow  is  said  to  be  formally  stable  if 
the  second  variation  of  A  (u,p)  at  the  critical  point 
u,,p,  is  definite  in  sign.  Formal  stability  implies3 
linearized  stability  since  definiteness  of  b2A  gives  a 
preserved  norm  for  the  linearized  solutions.  As 
noted,  nonlinear  stability  requires  both  formal  sta¬ 
bility  and  some  convexity  conditions  on  the  func¬ 
tion  G  {q,  pL  For  the  present  case,  we  find 
8J.4(u,.p,) 


|8u|j+(6<7,  5p) 


Gqp 

8  q 

Gqp  Gpp 

8p 

(12) 


We  can  sharpen  these  sufficient  conditions,  howev¬ 
er,  by  noting  that  divV*5u-0,  so  there  are  only 
two  independent  components  of  5u,  which  along 
with  bp  allow  us  to  cast  the  definiteness  of  fi2/f  into 
a  linear  thrce-by-three  operator  eigenvalue  condi¬ 
tion,  whose  eigenvalues  must  then  be  either  all  pos¬ 
itive  or  all  negative.  This  condition  is  made  explicit 
in  the  example  we  now  discuss. 

Our  example  is  the  parallel  equilibrium  flow 

u,(x)  -  (u{ya). 0, 0),  (15) 

p,(x)-p(z).  (16) 

This  is  a  standard  configuration  and  application  of 
the  Arnol’d  method  to  it  provides  insight  into  the 
value  of  the  technique.  The  validity  of  the  linear¬ 
ized  results  on  this  flow  have  been  examined  in 
laboratory  and  geophysical  situations.  Our  non¬ 
linear  result  will  thus  provide  impetus  for  further 
experimental  study  of  these  important  flows.  We 
separate  the  y  and  z  dependences  in  u(y,z )  into  a 
small,  slowly  varying  y  dependence  plus  a  general  z 
dependence  U{z).  Thus,  we  write 

u(ytz)-f{y)  +  UU).  (17) 

The  role  of  f(y)  is  to  break  the  degeneracy 
of  the  two-dimensional  /-  0  flow,  which  is  the 
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conventional  setup.  The  physical  situation  we  wish 
to  describe  is  a  shear  flow  U(z)  with  a  smooth, 
small  f(y)  imposed  upon  it  to  give  the  three- 
dimensionality  needed  for  qt*  0.  We  wish  to 
parametrize  fiy)  by  a  velocity  scale,  /0.  which  is 
much  less  than  U{z),  and  by  a  length  scale  L  which 
is  large  compared  to  any  other  lengths  in  the  prob¬ 
lem.  We  choose 

fly)-My/L)*\  f0«U{zh  (18) 

and  restrict  the  domain  of  y  to  be  \y\  «  L .  In 
what  follows,  we  expand  all  quantities  in  L_l,  cap¬ 
turing  the  essence  of  the  stability  problem  in  the 
leading  orders  of  L  which  are  retained  for  L  very 
large. 

From  the  Bernoulli  function,  (10),  we  find 
(dropping  the  subscript  e  henceforth) 

0  (q,  p ) 

--fp+pffz+j  t/J(z)l  +  j  G„q}  +  CH  A  (19) 


with 

r  E  LMjlll  fi  i  /O') 

"  /W  |  Viz) 


(20) 


and  we  drop  the  last  term  commensurate  with  our 
assumptions  on  f(y).  G ^  is  now  a  function  of  z 
(or  p)  alone,  q  in  our  flow  is 

q-(fo/L)iy/L)(-pt ).  (21) 

Since  q  is  small  for  |>’|  «  L,  the  neglect  of 
higher-order  terms  in  q ,  wherever  they  occur,  is  an 
excellent  approximation. 

Now  we  choose  the  two  independent  components 
of  8u  in  (12)  from  the  vertical  velocity 
u3(x,/)-5u*f  and  the  vorticity  w3(x,/) 
•  ( V  x  6U)  •  f.  This  choice  is  motivated  by  the  ob¬ 
servation  that  the  only  essential  dependence  on  the 
equilibrium  flow  is  on  the  vertical  coordinate  z .6  To 
leading  order  in  L'1  a  calculation  shows  that 
82A  ( u „pr)  is  given  by 


v2/v2 

0  0 

8lA  (u *,p,)  -  JV'x(vj,a>j.  8p) 

0 

~  Tji  "(■  Pt pj(/,G„9y 

0 

-P,U,G"  9,  G„-U,'G"b} 

pfip 

with  +  and  V2-*V^+dz2.  Precise 

meaning  to  (V^)"1  is  given  by  imposing  periodic 
boundary  conditions  in  x  and  y  for  each  of  u3,  tu3, 
and  8p.  A  term  fybt8p  has  been  neglected  relative 
to  Uxby8p.  which  is  retained.  This  ordering  means 
our  choice  of  L  must  be  large  enough  to  overcome 
any  very  targe  vertical  wave  numbers  in,5p.  The  ar¬ 
bitrary  function  y  (pf )  in  (11)  is  set  to  zero. 

For  formal  stability,  we  demand  that  82/4  be  of 
definite  sign  for  all  independent  variations  in 
( 1/3,  (u j,  8p )  space.  That  sign  must  be  positive,  as 
we  see  by  looking  in  the  direction  (u3, 0, 0).  Then 
by  looking  in  the  direction  (0,  co3l5p)  we  learn  that 
the  necessary  and  sufficient  conditions  for  formal 
stability  are  that  the  two-by-two  submatrix  operator 
in  (22)  have  only  positive  eigenvalues.  This  re¬ 
quirement  is  most  easily  expressed  by  Fourier 
transforming  in  x  and  y  to  wave  numbers  k  x  and  k  2. 
The  two-by-two  submairix  becomes  algebraic,  and 
positivity  of  its  eigenvalues  occurs  if  and  only  if 

l/kl  +  p,}<?„>0.  (23) 

and 

(7„[  1  +  k 2  pt2<7„  ]  +  k  j \U}G"  >  0.  (24) 
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with  k l  —k*  +k 2. 

Since  we  allow  arbitrary  variations  of  v3,  w3,  and 
6p,  each  of  k  1  and  *2  can  be  as  large  as  we  like. 
This  means  that  we  must  have 


P«  -  u!u„  >  0, 


(25) 


and 


G00  >  max 


1  +klp}G" 


0. 


(26) 


The  first  of  these  is  the  usual  Rayleigh  criterion  for 
stability  of  shear  flows  in  y.  Its  presence  here  is  ex¬ 
pected  since  we  have  no  stratification  in  the  hor¬ 
izontal  direction.  Condition  (26)  is  the  desired 
Richardson-number  criterion.  Note  that 


Gp,--*9z/9p-e2[T(/2(z)]/apJ.  (27) 

When  ( t/J)Pp  is  positive,  we  may  define  the  gen- 
eralization  of  the  usual  Richardson  number  to  be 


ArRi(r)-yV(z)V(p,29J[7^l(z))/9pJl..  (28) 

with  )VJ(z)  —  —g 9p/9z  the  Brunt- Vaisala  frequency 
in  Boussinesq  approximation.  |/VR|  defined  by  (28) 
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agrees  locally  with  the  standard  gradient  definition, 
if  one  uses  the  linearization  of  U  and  p  (e  g.,  Ref. 
3)].  The  necessary  and  sufficient  condition  for  for¬ 
mal  stability  then  becomes 

*r,(z)>  1  (29) 

everwhere  in  the  flow  This  is  our  central  result. 

In  addition,  there  are  situations  where  pt  positive 
(a  statically  unstable  configuration)  may  be  stabi¬ 
lized  by  the  shear  flow.  To  exhibit  this  stabiliza¬ 
tion,  we  assume  px7*  0  and  define  the  “inverse 
Richardson  number“ 

fl(z)-|8J(7^2(2)l/9p2)(“P2/^)-  (30) 

When  p,  <  0,  that  is  for  statically  stable  stratifica¬ 
tion,  all  flows  with  a{z)<  1  are  formally  stable. 
When  p2>  0,  that  is  for  statically  unstable  stratifica¬ 
tion \  all  flows  with  <z(z)>  1  are  formally  stable. 
The  first  case  is  usually  understood  by  saying  that 
the  kinetic  energy  acquired  by  a  parcel  of  fluid 
crossing  density  surfaces  is  not  sufficient  to  over¬ 
come  the  potential  energy  required  to  move  the 
parcel.  The  second  case  is  less  familiar  and  is  only 
possible  if  second  derivatives  of  U  are  relatively 
large.  In  this  case,  the  potential  energy  that  would 
be  gained  by  a  fluid  parcel  in  crossing  density  sur¬ 
faces  is  not  sufficient  to  overcome  kinetic  energy 
lost  in  the  same  traverse. 

The  essence  of  our  argument  in  this  note  is  that 
the  negative  of  the  Bernoulli  function  (10)  acts  as  a 
“potential  weir’  for  stratified  flow.  This  is  seen  in 
(19)  where  G  is,  for  this  heuristic  discussion, 
-  (p  +p*z*+7|u|2).  Our  requirement  that 
Gpp  >  0  tells  us  that  this  potential  well  has  positive 
curvature  for  crossing  density  surfaces,  when  the 


flow  is  formally  stable  This  note  provides  detailed 
demonstration  of  this  notion,  which  itself  was  dis¬ 
cussed  as  long  ago  as  1931  by  Prandtl  7 
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Abstract 

Measurements  have  been  made  of  the  ambient  noise  field  between  25  and  300  Hz  with  vertical 
arrays  at  32  N  (124  W,  136  VV,  and  150  \V)  Substantial  differences  in  the  vertical  distribution  of 
noise  have  been  measured,  especially  at  the  higher  frequencies  which  can  be  interpreted  in  the 
context  of  attenuation  by  seawater  sound  absorption  of  coastal  shipping.  Due  to  substantial 
differences  in  weather  at  the  stations,  these  measurements  also  provide  an  opportunity  to  observe 
the  effect  of  weather  on  the  vertical  distribution  of  ambient  noise 


1.  Introduction 

Ambient  ocean  noise  in  the  low  and  mid-frequency  regions  has  received  a  great  deal  of 
attention  over  the  last  25  years.  Downslope  conversion  of  coastal  shipping  noise  has  been  discussed 
as  being  a  major  contributor  to  the  low-angle  noise  distribution  in  the  vertical  plane  (angles  close  to 
the  horizontal)  [1*4].  If  this  is  so,  then  sound  absorption  in  seawater  should  produce  changes  in  the 
distribution  of  low-angle  noise  in  the  vertical  plane  as  a  function  of  range  from  coastal  shipping. 

A  decrease  in  the  noise  energy  per  unit  angle  in  the  vertical  offers  improved  array  performance 
as  a  function  of  distance  from  coastal  shipping.  In  the  Pacific  for  these  latitudes  (32 '  N),  the 
attenuation  is  about  0.006  dB/km  at  300  Hz  and  decreases  to  0.0015  dB/km  at  150  Hz.  At  a  range 
of  1500  nmi  (2778  km),  the  attenuation  would  be  16  7  dB  at  300  Hz  and  only  4.2  dB  at  150  Hz 
Therefore,  if  we  had  data  on  vertical  noise  distribution  at  short  and  long  ranges  from  coastal 
shipping,  we  would  expect  to  see  substantial  absolute  differences  at  tow  angles  between  the  300  Hz 
data  and  much  less  for  the  150  Hz  data. 

We  have  made  such  measurements  -  two  at  32  *N  124*  W  (approximately  350  nmi  due  west  of 
San  Diego),  and  one  each  at  32  *N  136*  W  (approximately  1000  nmi  west)  and  32  *N  150*  W 
(approximately  1700  nmi  west).  Due  to  substantial  differences  in  weather  at  the  stations,  these 
measurements  also  provide  an  opportunity  to  observe  the  effect  of  weather  on  the  vertical 
distribution  of  ambient  noise. 


2.  Experiment  Description  and  Data  Analysis 

In  October  1985  and  again  in  April/May  1986,  ambient  noise  experiments  in  the  low-frequency 
and  mid-frequency  region  (50-300  Hz)  were  conducted  by  MPL.  The  October  1985  data  were  obtained 
with  the  48-element,  uniformly  spaced  (d  *2.4  m,  half-wavelength  at  309  Hz),  NORDA  VEKA  array. 
The  April/May  1986  data  were  obtained  with  a  27  element,  uniformly  spaced  (d  =3.46  m,  half¬ 
wavelength  at  217  Hz),  MPL  array.  Both  arrays  were  suspended  in  the  vertical  from  FLIP  and  centered 
on  the  sound  axis  (z  »  750  m).  FLIP  was  in  a  tight,  three-point  moor  at  32  *  N,  124  ’  W  for  the  October 
1985  data  and  drifting  slowly  for  the  April/May  1986  data.  Three  separate  stations  at  32*  N  were 
established  during  the  course  of  the  April/May  1986  experiment  (see  Figure  1):  (1)  124*  W,  (2)  136*  W, 
and  (3)  150*  W.  Note  that  the  first  station  is  identical  with  the  location  of  the  October  1985 
experiment.  Significantly  different  weather  conditions  were  observed  at  the  three  stations  during  the 
two  experiments. 

The  NORDA  VEKA  array  data  discussed  here  were  taken  with  a  sampling  rate  f  =907  8  Hz  and 
the  MPL  digital  array  data  were  taken  with  a  sampling  rate  of  f  =  1176  Hz.  The  results  in  the  next 
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section  were  produced  with  a  FFT  beamformer.  The  along-channel  FFT’s  were  50%  overlapped  and 
8192-points  in  length.  A  Kaiser-Bessel  window  (o  —2.5)  weighted  the  data  prior  to  each  FFT.  The 
cross-channel  FFT’s  were  512-points  in  length  where  the  (complex)  data  first  was  windowed  with  a  48- 
point  (NORDA  VEKA  array  data)  or  a  27-point  (MPL  digital  array  data)  Kaiser-Bessel  window  (a  = 
1  5)  and  then  zero-padded  out  to  the  FFT  length.  For  this  value  of  a.  the  first  sidelobe  is  -35  dB. 


3.  Discussion 

Analysis  of  this  data  indicates  a  strong  relationship  between  wind  speed  and  the  characteristic 
vertical  directionality  of  the  ambient  noise  The  following  examples  from  the  analysis  are  provided  in 
the  Figures  2-5  (see  :5j  for  the  complete  analysis  results)* 

(1)  October  1985  (NORDA  VEKA  48-element  vertical  array) 

(a)  32  *  N,  124  *  W  (Tape  #35010.  wind  speed  6  kts) 

(2)  April/ May  1986  (MPL  27-element  vertical  array) 

(a)  32  ’  N,  124  ’  \V  (Tape  #36060,  wind  speed  22  kts) 

(b)  32  *  N.  136  ’  W  (Tape  #36217,  wind  speed  17  kts) 

(c)  32  *  N.  150  ’  W  (Tape  #86180.  wind  speed  10  kts) 

The  figures  display  the  time-evolving  vertical  directionality  of  ambient  noise  in  a  narrow  band  centered 

at  200  Hz  (positive  angles  refer  to  downward  looking  beams).  The  plots  have  been  calibrated  to  report 
ambient  noise  power  spectral  density  per  Hz  per  degree  oi  vertical  angle  (dB  re  1  /iPa/  VHzDeg) 

A  number  of  observations  can  be  made  by  comparing  the  waterfall  plots  from  the  three  stations 
Under  calm  weather  conditions  (Tapes  #35010  and  #36180)*  the  vertical  distribution  of  ambient  noise 
clearly  is  concentrated  within  approximately  ±15  *  of  the  horizontal  Under  poor  weather  conditions 
(Tape  #86060),  high  wind  speed  has  the  effect  of  filling  in  the  higher  vertical  angles  while  leaving  the 
level  within  the  low-angular  region  unchanged.  Under  intermediate  weather  conditions  (Tape  #86247), 
a  transition  between  these  two  characteristics  occurs  which  is  frequency  dependent  (in  the  case  of  Tape 
#86247,  the  transition  occurs  iri  the  the  125-150  Hz  region).  This  frequency-dependent  transition 
characteristic  is  consistent  with  Mngle  hydrophone  measurements  reported  in  the  literature  (eg  M-e  b 
where  ambient  noise  levels  above  100  Hz  were  very  sensitive  to  wind  speed  while  ambient  noise  levcN 
below  100  Hz  showed  no  wind  ^peed  dependence  at  all) 

From  75  to  300  Hz,  the  change  in  the  vertical  distribution  of  noise  with  increasing  range  from 
coastal  shipping  (especially  at  higher  frequencies)  was  in  a  manner  consistent  with  the  effect  of  chemical 
absorption  on  low-angle  noise  due  to  coastal  shipping  (see  [5j)  Whereas  a  shipping  noise  pedestal  at  low 
angles  is  observed  at  all  frequencies  at  short  range,  at  long  range  the  absorption  effect  makes  the 
vertical  distribution  of  ambient  noise  more  isotropic  at  higher  frequencies  than  at  low  frequencies. 


4.  Summary 

Downslope  conversion  of  coastal  shipping  noise  has  been  discussed  as  being  a  major  contributor  to 
the  low-angle  noise  distribution  in  the  vertical  plane  (angles  close  to  the  horizontal).  The  results 
reported  here  on  the  vertical  directionality  of  ambient  noise  as  a  function  of  longitude  are  consistent 
with  this  hypothesis.  Sound  absorption  in  seawater  appears  to  diminish  the  low-angle  energy  as  a 
function  of  distance  from  the  coast  with  the  effect  being  more  pronounced  at  higher  frequencies  than  at 
lower  frequencies. 

Due  to  substantial  differences  in  weather  at  the  stations,  these  measurements  also  provided  an 
opportunity  to  observe  the  effect  of  weather  on  the  vertical  distribution  of  ambient  noise.  Under  calm 
weather  conditions,  the  vertical  distribution  of  ambient  noise  clearly  is  concentrated  within 
approximately  ±15*  of  the  horizontal  Under  poor  weather  conditions,  high  wind  speed  has  the  effect  c 
filling  in  the  higher  vertical  angles  while  leaving  the  level  within  the  low-angular  region  unchanged 
Under  intermediate  weather  conditions,  a  frequency-dependent  transition  between  these  two 
characteristics  occurs  which  is  consistent  with  single  hydrophone  measurements  of  wind  speed 
dependence 
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Result  are  reported  from  an  experiment,  conducted  in  1987,  in  which  an  ocean  bottom 
seismograph  array  of  I50*m  aperture  and  minimally  redundant  design  was  used  to  record  the 
ambient  noise  in  deep  water  off  the  California  coast.  The  minimum  interelement  spacing 
among  the  nine  instruments  was  8  m.  The  coherence  lengths  observed  imply  that  the  noise 
field  in  the  0.05*  to  5-Hz  band  are  fundamental  and  higher-mode  Rayleigh/St«:neley/Scholte 
waves  and  the  relative  amplitudes  of  the  modes  imply  that  the  excitation  occurs  within  20  km 
of  the  array.  These  observations  imply  that  the  noise  energy  is  scattered  into  the  seafloor 
waveguide  at  the  boundaries  of  the  sediment  pond  in  which  the  array  was  sited.  The 
implications  for  sub-bottom  sensors  are  discussed. 

PACS  numbers:  <3.30.Nb,  43.30.Ma 


INTRODUCTION 

Observations  of  ambient  noise  on  the  seafloor  are  being 
increasingly  made  at  lower  frequencies.  Below  5  Hz,  the 
oceanic  microseism  becomes  the  dominant  source  of  noise. 
It  is  widely  accepted  that  the  microseism  energy  is  the  result 
of  a  highly  efficient  nonlinear  interaction  between  ocean  sur¬ 
face  wave  trains.  However,  the  way  in  which  this  energy 
couples  into  ground  motion  is  less  well  understood,  due  to  a 
shortage  of  appropriate  ocean  floor  measurements. 

On  land,  important  advances  in  the  study  of  low-fre¬ 
quency  ambient  noise  were  made  with  the  advent  of  large- 
scale  seismomt  ter  arrays. 1,2  Sensor  arrays  enable  the  decom¬ 
position  of  the  observed  wave  field  into  spatial  frequencies, 
facilitating  the  identification  of  the  mode  of  propagation. 
Until  recently,  there  have  not  been  any  similar  arrays  of  seis¬ 
mometers  placed  in  the  ocean.  Ocean  floor  noise  measure¬ 
ments  have  largely  consisted  of  small  numbers  of  instru¬ 
ments1,4 

In  April  and  May  of  1987,  an  array  of  ocean  bottom 
seismometers  (OBS)  was  placed  in  a  deep  oceanic  basin  in  a 
cooperative  effort  between  the  Scripps  Institution  of  Ocean¬ 
ography  (SIO)  and  the  Naval  Ocean  Research  and  Devel¬ 
opment  Activity  (NORDA)  (now  the  Naval  Oceanic  and 
Atmospheric  Research  Laboratory  (NOARL)].  The  pur¬ 
pose  of  this  deployment  was  to  measure  the  spatial  charac¬ 
teristics  of  ambient  noise  on  the  ocean  floor  at  small  length 
scales. 

This  paper  will  be  concerned  primarily  with  the  spatial 
coherence  measurements  made  by  the  array.  Wave-number 
spectra  are  another,  very  interesting  observable  from  array 
data;  but  they  are  more  sensitive  to  errors  in  sensor  location 
and  timing,  and  therefore  will  be  discussed  in  a  separate  pa¬ 
per. 

We  conclude  from  the  observed  spatial  coherence  that 
Stoneley  waves  are  an  important  component  of  ambient 
noise  on  the  deep  seafloor  between  0.8  and  5  Hz.  The  depth 
of  the  ocean  at  this  site  is  too  great  for  direct  excitation  of 


these  slowly  propagating  waves  by  the  ocean  surface  wave 
field.  Their  presence  requires  that  the  ambient  acoustic  noise 
field  be  scattered  at  the  ocean  floor  or  within  the  sedimenta¬ 
ry  layer. 

I.  EXPERIMENT  DETAILS 

The  OBS  array,  code  named  "CIRCUS,"  was  deployed 
in  the  deep  ocean,  oflT  the  Patton  Escarpment,  which  is  the 
edge  of  the  continental  borderland  off*  southern  California 
( Fig.  I ) .  The  site  was  near  DSDP  hole  469  at  a  water  depth 
of  3800  m.  Reflection  profiles  and  drill  logs  from  this  hole 
show  sediments  composed  largely  of  clays  and  calcareous 
oozes,  with  compressional  wave  velocities  ranging  from 
1500  to  1600  m  s“!  (see  Ref.  5). 

This  area  was  also  the  site  of  another  seismic  experiment 
where  explosives  were  detonated  on  the  ocean  floor  to  gener- 


FtG  I  Location  map  for  the  CIRCUS  array  deployment.  The  <ite  n  at  full 
ocean  depth  jmt  to  the  west  of  the  California  borderland. 
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ate  Stoneley/Scholte  waves  on  the  water-sediment  bound- 
ary.*  The  energy  of  the  interface  waves  was  mostly  confined 
to  the  range  1-5  Hz  and  the  attenuation  was  very  strong 
(Fig.  2).  The  dispersed  wave  from  a  5-lb  explosion  became 
undetectable  beyond  a  distance  of  1.2  km.  Dispersion  analy¬ 
sis  of  the  interface  waves  yielded  shear  wave  velocities 
between  40  and  100  ms"1  in  the  upper  40  m  below  the  ocean 
door  The  wavelength  of  the  Stoncley  waves  was  determined 
to  be  on  the  order  of  100  m.  Results  from  this  experiment 
have  a  bearing  on  the  array  measurements  in  two  ways.  The 
CIRCUS  array  was  an  effort  to  observe  naturally  occurring 
Stoneley  waves  and  therefore  had  to  be  designed  wit h  a  very 
fine  spatial  sampling  to  avoid  aliasing  the  measurements. 
Additionally,  it  will  be  shown  that  the  phase  velocity  disper¬ 
sion  of  the  medium,  as  measured  from  the  controlled 
sources,  has  a  strong  effect  on  the  spatial  coherence  field. 

A  minimum  redundancy  array  design7  was  used  for  the 
array  to  simultaneously  maximize  the  array  aperture  while 
maintaining  the  necessary  fine  element  spacing.  The  design 
is  shown  in  Fig.  3*  along  with  the  actual  sensor  positions 
achieved  by  the  deployment.  The  emplacement  of  a  I00*m 
aperture  array  at  a  depth  of  nearly  4  km  represented  a  signifi¬ 
cant  technical  challenge.  The  Deep-Tow  system  of  acoustic 
transponder  networks  and  wire-supported  vehicles*-9  made 
this  task  possible.  The  basic  elements  of  the  system  are 
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FIG  2  Dispersed  wave  tram  from  an  ocean  bottom  shot  and  multiple  win* 
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FIG.  3.  Minimum  redundancy  design  for  the  OBS  array  and  realized  sensor 
positions 


FIG  4  Essential  components  of  iheOBS  deployment  The  OBS  package 
hangs  beneath  the  Thruster  unit.  The  Thruster  is  connected  by  wire  to  the 
ship  on  the  surface  but  has  limited  maneuverability  of  its  own  The  position 
of  the  Thruster  is  monitored  by  exchanging  acoustic  pings  with  a  net  of 
transponders  fixed  to  the  ocean  bottom. 
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shown  in  Fig.  4.  Details  of  the  deployment  will  be  described 
in  a  later  paper. 

The  OBSs  were  emplaced  within  5  m  of  their  target  posi¬ 
tions  with  two  exceptions.  In  one  case,  the  sensor  packages 
was  of  a  different  configuration  and  did  not  fit  on  the  tow 
vehicle’s  release  hook,  tn  the  other  case,  an  impending  ex¬ 
plosive  shooting  schedule  would  not  permit  the  vehicle’s  6-h 
round  trip  to  the  bottom.  Both  times,  it  was  necessary  to 
deploy  the  instruments  in  the  conventional  manner  of  releas¬ 
ing  them  at  the  ocean  surface  and  letting  them  free-fall 
through  the  water.  One  of  these  OBSs  is  the  one  that  is  offset 
by  80  m  from  the  array  center  ( Fig.  3 ) .  Though  unplanned, 
this  large  separation  turned  out  to  be  of  benefit  to  the  inter¬ 
pretations. 

The  twelve  SIO  and  NORDA  seismographs  were  of  the 
same  design  with  only  minor  differences.  The  model  has 
been  in  use  at  Scripps  for  nearly  a  decade. Irt The  sensors  are  a 
triaxial  configuration  of  seismometers  and  a  pressure  sensor 
The  seismometers  are  Mark  Products  model  L-4C  with  a 
resonant  frequency  of  1  Hz.  Two  different  types  of  pressure 
transducers  were  used:  an  Ocean  and  Atmospheric  Systems 
model  E-2DP  crystal  hydrophone,  and  a  differential  pres¬ 
sure  sensor  of  a  design  by  Cox  et  ai 1 1  In  this  paper  we  report 
only  on  data  from  the  vertical  seismometers. 

The  sensor  output  is  fed  through  a  variable  gain  preamp 
with  a  54-dB  range.  The  amplification  level  is  determined 
independently  for  each  channel  by  a  long-term  average  of  the 
ambient  noise.  The  site  was  remarkably  quiet,  and  the  gain 
was  usually  at  its  maximum  setting.  The  signal  is  further 
conditioned  by  a  prewhitening  filter  and  anti-aliasing  filters 
with  a  cutoff  frequency  of  30  Hz.  Figure  5  shows  the  transfer 
function  for  the  seismometer  channels. 


Srv$rru>me<*r  Channel  Risj>cmse 


FIG  5  Transfer  function  for  the  seismometer  channel,  including  seismo¬ 
meter  and  filters. 
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A  12-bit  digitizer  operating  at  128  samples  per  second 
converts  the  signal  to  digital  form.  The  digitized  data  are 
stored  in  a  1 28-kbyte  buffer  and  written  to  tape  after  the  end 
of  the  recording  window  so  that  the  mechanical  movement 
of  the  tape  does  not  affect  the  signal.  The  buffer  memory  has 
a  capacity  of  227  s  of  four-channel  data  at  a  rate  of  128  Hz. 
The  OBSs  have  since  been  extensively  modified  to  reflect 
newer  technology,  with  a  new  microprocessor  and  a  large 
increase  in  recording  capacity 

Nine  of  the  thirteen  instruments  deployed  returned  us¬ 
able  data.  In  Fig.  3.  these  are  marked  by  the  filled  triangles 
Of  the  capsules  that  did  not  return  data,  one  failed  to  resur¬ 
face,  two  suffered  malfunctions  of  an  experimental  data  re¬ 
corder,  and  one  was  not  diagnosed. 

II.  SPECTRAL  ANALYSIS 

Spectral  estimates  were  computed  using  the  multiple 
prolate  spheroidal  taper  method.'2  In  this  technique,  the 
data  are"windowed”  by  the  /V  lowest-order  prolate  spheroi¬ 
dal  wave  functions,  where  ;V  is  dependent  on  the  desired 
time-bandwidth  product,  and  the  spectrum  (or  cross-spec¬ 
trum)  estimator  is  a  weighted  average  of  the  transforms  of 
the  windowed  data.  The  frequency-dependent  weights  are 
adjusted  to  minimize  a  combination  of  variance  and  spectral 
leakage.  The  multiple  taper  method  provides  excellent  pro¬ 
tection  against  spectral  leakage  from  adjacent  frequency 
bands.  An  added  benefit  is  that  error  estimates  can  be  com¬ 
puted  for  the  spectra,  coherence,  and  phase.  Since  the  spec¬ 
tral  estimate  is  computed  from  a  set  of  windowed  trans¬ 
forms,  it  is  possible  to  form  a  ’’jackknife”  estimate  of  the 
variance  by  using  all  possible  combinations  of  the  windowed 
transforms.1'  A  time-bandwidth  product  of  4  was  used  to 
compute  the  tapers,  resulting  in  up  to  16  degrees  of  freedom 
for  the  estimate.  Generally  32-  or  64-s  segments  of  data  were 
analyzed  with  an  inherent  resolution  of  0.5  and  0.25  Hz, 
respectively. 

Figure  6  shows  an  acceleration  spectrum  computed 
from  a  typical  recording  window.  A  noise  spectrum  from  a 
quiet  continental  site  is  shown  for  comparison.  The  usual 
features  of  ambient  noise  spectra  at  infrasonic  frequencies 
are  evident.  The  microseism  peak  is  the  power  maximum  at 
0. 1 6  to  0.2  Hz.  This  feature  has  been  studied  extensively  for 
many  years  and  is  due  to  acoustic  energy  created  at  the  ocean 
surface  by  a  nonlinear  interaction  of  ocean  swell  sets  and 
which  propagates  with  little  attenuation  to  the  bottom  to 
excite  Rayleigh  waves  in  the  oceanic  crust.  The  so-called 
“noise  notch”  is  a  quiet  band  at  frequencies  below  the  micro- 
reism  and  extending  down  to  0.02  Hz.  ,4”,<s  This  represents  a 
frequency  regime  between  the  ocean  swell  and  very  long  pe¬ 
riod  gravity  waves.  OBS  system  noise  begins  to  dominate  our 
results  below  0.06  Hz.  There  is  commonly  a  subsidiary  peak 
near  1  Hz.  The  slope  of  the  spectrum  differs  above  and  below 
the  peak.  The  frequency  of  this  peak  varies  markedly  with 
time  and  appears  to  be  controlled  by  wind  state.  At  5  Hz  the 
slope  of  the  spectrum  changes  drastically.  Power  above  this 
frequency  is  affected  by  surface  wind  and  ship  traffic.  At  the 
quietest  times,  OBS  system  noise  again  becomes  dominant. 

Figure  7  is  a  measurement  of  mean  squared  coherence 
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Hoist  Spectra 


Frtqutncy  (Hz) 

FIG  6.  Noise  spectra  from  an  OBS  dtirmg  CIRCUS  (solid)  and  from  a 
quid  continental  sue  (dashed)  at  Queen  Creek. 


between  the  vertical  seismic  components  of  a  pair  of  instru¬ 
ments  separated  by  1 23  m.  The  heavy  line  is  the  estimate  and 
the  light  lines  are  95%  confidence  intervals  on  the  estimate. 
Where  the  lower  limit  is  positive,  the  coherence  is  reliably 
nonzero. 

With  a  variety  of  offsets  between  sensors  it  is  possible  to 
make  direct  observations  of  the  spatial  coherence.  The  nine 
instruments  give  36  different  sensor  separations.  All  the  sep¬ 
arations  greater  than  80  m  are  relative  to  OBS  1,  which  was 
separated  from  the  rest  of  the  array.  The  mean-squared  co¬ 
herence  as  a  function  of  frequency  and  separation  is  shown  in 
Fig.  8  for  a  particular  window.  The  full  two-dimensional 
coverage  is  created  by  a  spline  interpolation  of  the  36  sets  of 
intersensor  coherence  estimates.  The  plot  is  typical  of  the 
observations  at  this  site.  There  are  two  bands  of  high  coher¬ 
ence,  below  0.4  Hz  and  between  0.8  and  3  Hz.  Between  those 
two  bands  there  is  a  notch  of  lower  coherence  that  widens 
with  increasing  separation.  This  pattern  is  characteristic  of 
the  observations  for  the  duration  of  the  experiment.  The 
depth  of  the  notch  may  vary  to  some  degree,  but  the  notch 
edge  frequencies  did  not  vary. 

111.  COHERENCE  MODEL 

We  explain  the  observed  spatial  coherence  by  the  mode 
of  propagation  of  noise  energy  in  this  environment.  The  co¬ 
herence  model  will  be  developed  from  a  combination  of  a 
distributed  source  function  and  the  decomposition  of  hori¬ 
zontally  propagating  energy  into  seismic  modes. 

The  ambient  seismic  noise  field  derives  its  characteris¬ 
tics  from  three  processes:  the  source  of  energy,  the  coupling 
of  energy  into  the  seismic  medium,  and  the  propagation  of 
energy  in  the  elastic  medium.  The  first  is  explained  satisfac- 
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torily  by  the  theory  of  Longuet-Higgins17  and  Hassel- 
mann.’*  Under  certain  conditions,  ocean  surface  swell  can 
generate  pressure  fluctuations  that  reach  the  ocean  floor  un¬ 
attenuated.  For  the  second  process,  pressure  fluctuations 
can  couple  into  seismic  wave  propagation  in  the  ocean  floor 
when  their  wave  number  is  equal  to  that  of  the  resonant 
modes  in  the  elastic  medium.  The  wave  number  of  the  pres¬ 
sure  fluctuations,  because  they  propagate  through  the  water, 
is  limited  to  the  range  |k|<ry/or,  where  a  is  the  acoustic  ve¬ 
locity  of  water.  However,  high  wave-number  (low-velocity) 
seismic  waves  are  observed  on  the  ocean  floor,  and  their  exci¬ 
tation  requires  a  different  interaction  that  is  not  well  under¬ 
stood.  The  last  process,  the  propagation  of  energy  in  the 
elastic  medium,  will  be  the  focus  of  this  section.  The  ob¬ 
served  spatial  coherence  puts  strong  constraints  on  the  na¬ 
ture  of  the  seismic  piopagation  between  the  coupling  region 
and  the  receivers. 

Motion  of  the  ocean  floor  is  forced  by  the  pressure  field 
induced  by  ocean  surface  waves  in  a  limited  region  directly 
above.  Seismic  waves  radiate  out  from  each  point  on  the 
ocean  floor  in  all  directions  On  a  purely  flat  bottom,  the 
efficiency  in  which  this  motion  is  converted  into  propagating 
seismic  waves  depends  on  whether  the  wave  number  of  the 
incident  pressure  field  matches  the  wave  number  of  a  seismic 
mode  in  the  ocean  floor.  However,  because  of  topographic 
and  subsurface  effects,  the  efficiency  of  conversion  may  vary 
from  point  to  point.  The  seismic  field  at  any  given  point  is 
therefore  considered  to  be  a  harmonic  wave  field  with  energy 
that  is  a  function  of  azimuth. 

The  spatial  coherence  can  be  determined  from  the  direc¬ 
tivity  function.1920 This  is  accomplished  by  integrating  the 
harmonic  wave  field  over  azimuth 

K(f,r)  =  (J  do'j 

x{j’  A{fe)d$y\  (i) 


Frequency  (Hz) 


FIG.  7.  Coherence  between  the  vertical  sensors  for  OBS  I  and  OBS  13, 
separated  by  123  m  The  upper  and  lower  traces  are  the  95%  confidence 
limits. 
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FIG  R  Coherence  between  flic  vertical  seis¬ 
mometers  fur  all  acme  sensors  for  recording 
window  22q  Hie  ranges  arc  discrete  and  the 
data  were  regridded 


where  A(Q)  is  the  azimuthally  dependent  incident  field 
strength.  For  an  isotropic  distribution,  the  directional  spec¬ 
trum  is  A{9)  =  l,  and  the  result 

K(/r)=Jnlk{/)r  J.  (2) 

where  Jn  is  the  zero-order  Bessel  function,  can  easily  be  de¬ 
rived. 

Measurements  of  the  ocean  surface  wave  directional 
spectrum  have  shown  that  the  function 
A(0)  =  cos'*  [}(0  —  0O)  ]  is  an  adequate  model  a  for  wave 
directivity.21  In  this  representation,/!  «  0 corresponds  to  an 
isotropic  distribution  of  energy,  and//  =  oo  corresponds  to  a 
plane  wave  propagating  in  the  0  =  0O  direction.  The  param¬ 
eter /t  may,  in  general,  vary  with  frequency. 

Webb20  derived  a  genera!  expression  for  the  coherence 
between  a  sensor  at  the  origin  and  a  sensor  at  the  point  ( r%6 ) 
as  a  function  of  the  beam  parameter//:. 

K(f,rjt)=  £  C./V.W/Jr]  cos  [n(0-  0,,)].  (3) 

n  *»  0 

where 


where  T (5)  is  the  gamma  function.  For  even  integer  values 
of  //,  the  series  truncates  at  n  =  ///2.  Figure  9  shows 
squared  spatial  coherence  for  a  variety  of  beam  parameters. 
The  features  to  note  are:  first,  that  as //  (the  narrowness  ol 
the  beam)  increases,  the  spatial  coherence  length  increases; 
and  second,  that  the  spatial  coherence  depends  on  the  wave¬ 
length  by  way  of  the  wave  number  in  the  argument  of  the 
Bessel  function. 
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Since  the  coherence  length  depends  on  the  wavelength 
of  the  propagating  energy,  we  will  incorporate  realistic  fre¬ 
quency-dependent  wavelengths  derived  from  synthetic  dis¬ 
persion  curves.  The  dispersion  was  computed  from  a  materi- 


Coherence  Length  vs.  Be  am  Parameter 


U - 1 _ 1 _ 1 _ t _ 

0  0  1.0  20 
Distance  /  Wavelength 


FIG.  9,  Theoretic*!  coherence  as  a  function  of  distance  for  four  different 
beam  parameters. 
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FIO  10  Velocity  model  derived  from  matching  computed  mode*  to  ob* 
served  dispersion  of  the  ocean  bottom  shot  data. 


al  property  model  inferred  from  past  surveys.  The  model  of 
Sauter  et  al*  achieved  a  good  fit  to  the  observed  Stoneley 
waves  in  the  frequency  range  of  0.5  to  3  Hz.  We  are  interest¬ 
ed  in  modeling  the  coherence  to  even  lower  frequencies,  and 
since  Sauter  et  al.'s*  model  only  extended  to  a  sub-bottom 
depth  of  50  m,  we  have  supplemented  it  with  a  crustal  model 
from  Spudich  and  Orcutt22  (Fig.  10),  which  was  inferred 
from  seismic  refraction  observations  in  the  Pacific  Ocean  off 
the  coast  of  Mexico. 

Dispersion  curves  were  calculated  using  a  normal  mode 
formalism2'  as  implemented  by  Gomberg  and  Masters.24 
This  method  is  based  on  the  Thompson-Haskell  matrix  but 
avoids  much  of  the  numerical  instability  that  plagued  earlier 
versions. 

The  phase  velocity  dispersion  curves  for  the  first  four 
modes  are  shown  in  Fig.  1 1.  For  mode  0,  the  phase  velocity 
undergoes  a  drastic  change  at  0.5  Hz  as  it  makes  the  transi¬ 
tion  from  the  Rayleigh  wave  regime  to  the  Stoneley  wave 


10 10°  10 • 

Frtquency  (Hx) 

FIG  !  I  Dispersion  curves  computed  from  velocity  model  in  Fig.  10.  The 
velocity  1.5  km  s  1  represents  the  compressions!  slowness  of  water.  Propa¬ 
gation  at  lower  velocity  is  evanescent  into  the  water  column  and  represents 
Stoneley  waves. 
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FIG  12  Wavelengths  determined  from  the  phase  velocity  dispersion  func¬ 
tion. 


regime.  At  the  ocean  floor,  the  Stoneley  (orScholte)  waves 
are  a  continuation  of  Rayleigh  waves  to  velocities  lower  than 
the  acoustic  velocity  in  water,  1.5  km  s_l  (cT/Tolstoy25). 
When  the  phase  velocity  is  less  than  the  propagation  velocity 
in  one  of  the  adjacent  layers,  the  wave  becomes  evanescent  in 
that  layer  and  becomes  bound  to  the  interface,  in  this  case 
the  ocean  floor. 

To  use  these  values  in  the  coherence  model,  the  phase 
velocities  are  converted  to  wavelength  through 
A{f)  =  c (/)//  Wavelengths  are  shown  for  the  first  four 
modes  in  Fig.  12.  The  line  labeled"water”  corresponds  to  a 
wave  propagating  horizontally  in  the  water.  The  1  //  depen¬ 
dence  of  the  water  wavelength  shows  up  as  a  straight  line  on 
the  log-log  plot. 

Spatial  coherence  is  calculated  from  the  wavelength 
with  Eq.  3.  Wavelength  was  shown  ud  to  10  km  in  Fig.  12, 
but  the  CIRCUS  observations  of  coherence  were  limited  to  a 
distance  of  1 56  m;  all  subsequent  figures  will  have  an  upper 
limit  of  1 56  m.  Figure  1 3  shows  the  spatial  coherence  calcu¬ 
lation  from  mode  0  only  and  an  isotropic  energy  distribution 

(/i  =  0). 

Comparison  of  the  model  in  Fig.  13  with  the  observa¬ 
tions  in  Fig.  8  shows  that  the  cutoff  of  the  low-frequency, 
high-coherence  band  at  0.3  Hz  is  accounted  for  by  mode  0. 
However,  in  the  data,  the  coherence  length  increases  again  at 
0.8  Hz.  Higher  modes  have  longer  wavelengths  and  there¬ 
fore  longer  coherence  length,  so  the  data  suggest  that  higher¬ 
mode  Stoneley  waves  predominate  between  0.8  and  4  Hz. 
The  present  model  can  be  generalized  to  account  for  this 
possibility. 

For  any  given  mode  at  a  particular  frequency,  the  coher¬ 
ence  between  two  sensors  will  depend  on  the  coherence 
length  of  the  mode.  If  more  than  one  mode  is  present,  they 
will  have  different  coherence  lengths,  and  will  make  differ¬ 
ent  contributions  to  the  measured  coherence.  The  squared 
coherence  for  a  signal  consisting  of  modes  0  through  iVcan 
be  shown  through  some  straightforward  but  tedious  algebra, 
and  under  some  assumptions,  to  be 
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FIG  1  x  Theoretical  coherence  lor  mode 
0  derived  from  the  computed  wavelengths 
and  an  isotropic  source  distribution 
(beam  parameter  of  0) 


K\f,r)  =  % 


*f</»  +  2  1  l 

,  O  /  0 


ns\fl  * 

xRc  [*,(/»*,(/»), 


where  K,  ( fr)  and  S,  (/)  are  thecoherence  and  power  for  the 
ith  mode,  and  K{ftr)  and  S(J)  are  (lie  coherence  and  power 
for  the  combined  signal.  The  critical  assumptions  are:  ( 1 ) 
that  there  is  no  coherence  between  the  separate  modes  at  the 
receiver,  and  (2)  that  the  signal  power  is  approximately 
equal  at  each  receiver.  The  first  assumption  is  justified  by  the 
fact  that  the  different  modes  have  large  differences  in  phase 
velocity,  and  the  noise  source  has  a  limited  coherence  time. 
The  second  assumption  is  acceptable  when  the  distance 
between  the  sensors  is  much  smaller  than  the  distance  to  the 
source.  The  cross-power  terms  in  Eq.  (4)  are  limited  by 
2/jV2  and  are  thus  relatively  small. 

Modespectra  (Fig.  14(a)  ]  can  be  computed  at  thesame 
time  that  the  dispersion  curves  arc  determined.  The  propor¬ 
tional  power  of  each  mode  among  the  first  four  is  shown  in 
Fig.  14(b).  The  power  in  the  higher  modes  becomes  greater 
than  the  power  in  the  fundamental  mode  at  about  0.7  Hz. 
The  frequency  at  which  this  occurs  controls  the  location  of 
the  low-frequency  edge  of  the  intermediate  frequency,  high- 
coherence  band.  A  coherence  model  using  an  isotropic  noise 
energy  distribution  (//  =  0)  and  these  weights  is  shown  in 
Fig.  15.  A  second  calculation  with  the  same  weights  and  a 
beam  parameter  of//  =  4  generated  Figure  16.  Comparison 
of  these  models  with  the  observations  ( Fig.  8 )  reveals  a  good 
match  to  the  gross  behavior  of  the  spatial  coherence.  The 
model  explains  the  band  of  high  coherence  between  0.8  and  5 
Hz,  and  the  low-coherence  notch  between  0.4  and  0.8  Hz. 
The  narrower  beam  model  (Fig.  16)  predicts  to  depth  of  the 
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FIG.  14  (a)  Power  spectra  for  the  first  four  modes,  computed  for  a  source 
distance  of  20  km  and  a  depth  of  1  m  below  the  ocean  bottom  (b)  The 
proportion  of  variance  in  each  mode  to  the  total  variance 
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FIG  15  Coherence  model  using  the 
mode  variance  partitioning  of  Fig.  14 
and  a  beam  parameter  of  0 


low-coherence  notch  more  accurately.  The  coherence 
between  sensors  has  a  dependence  on  the  angle  of  the  separa¬ 
tion  relative  to  the  azimuth  of  the  main  beam  direction  (for 
beam  parameters  greater  than  zero) .  The  calculation  in  Fig. 
16  assumes  that  the  array  is  aligned  along  the  beam  direc¬ 
tion.  Inclusion  of  the  angular  dependence  makes  the  model 
more  ragged,  increasing  the  similarity  with  the  data  in  a 
qualitative  way,  but  not  bump  for  bump. 


A  plot  of  the  mode  Q  (Fig.  17)  helps  to  explain  the 
energy  partitioning.  Mode  Q  is  computed  by  a  inner  product 
integral  over  depth  of  the  wave  energy  function  and  the  ma¬ 
terial  Q : 

Q a  '  =  A  f""  EM  +  2fi)Q;  1  +  EjiQ;  'dz,  (5) 
Jo 

were  QK  is  the  Rayleigh  mode  (?,  A  is  a  normalizing  factor, 
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FIG.  17  Rayleigh  mode  Q  computed  for  a  source  distance  of  20  km. 
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FIG.  18  Mode  power  spectra  computed  for  a  source  nt  (a)  10* km  distance 
and  1  m  below  the  ocean  floor,  (b)  100-km  distance  and  I  m  below  the 
orean  floor,  fc)  lO.km  distance  and  I (X)  m  below  l he  ocean  floor,  and  (d) 
100-km  distance  and  100  m  below  the  ocean  floor  The  vertical  dashed  line 
marks  the  frequency  where  one  of  the  higher  modes  becomes  stronger  than 
the  fundamental 


Fig.  19.  The  source  moment  tensor  can  also  affect  the  excita¬ 
tion  of  the  modes.  However,  there  was  insufficient  data  to 
determine  a  realistic  source  moment  tensor,  so  a  diagonal 
tensor  has  been  used  in  these  calculations. 

A  physical  interpretation  can  be  associated  with  the  15- 


and  £“,  and  E1  are  energy  functions  for  compressional  and 
shear  waves,  respectively,  and  Qp  and  Qy  are  material 
compressional  and  shear  Q.  This  quantity  is  a  spatial  Q  and 
therefore  depends  implicitly  on  the  phase  and  group  velocity 
of  the  mode  (cf.  Aki  and  Richards26).  Very  low  values  of  Q 
occur  at  frequencies  where  the  ratio  of  group  velocity  to 
phase  velocity  is  lowest,  because  at  those  frequencies,  the 
energy  takes  a  long  time  to  propagate  to  the  receiver.  The 
highest  values  of  Q  occur  when  the  phase  velocity  is  near  1.5 
km  s  ~  most  of  the  mode  energy  is  in  the  water  column, 
which  has  a  comparatively  very  high  Q.  The  effective  Q  of 
the  mode  can  thus  be  higher  or  lower  than  the  material  Q  in 
any  of  the  layers  of  the  ocean  floor. 

The  shape  of  the  power  spectra  depends  in  a  complicat¬ 
ed  way  on  the  depth  of  the  source  and  the  source-receiver 
distance.  The  example  in  Fig.  14  was  computed  for  a  source 
depth  of  1  m  below  the  ocean  floor  and  a  distance  of  15  km. 
The  depth  and  distance  are  free  parameters  and  they  were 
chosen  to  make  the  closest  fit  between  observation  and  mod¬ 
el.  The  eigenfunction  for  the  fundamental  mode  has  its  high¬ 
est  amplitude  near  the  ocean  floor.  Mode  0  is  thus  excited 
strongly  by  a  source  near  the  ocean  bottom  interface,  but 
since  the  Q  of  the  uppermost  sediments  is  low,  it  is  more 
strongly  attenuated  with  distance  than  are  the  higher  modes. 
For  a  deeper  source,  the  fundamental  mode  is  not  excited  as 
strongly,  so  the  power  spectrum  has  less  dependence  on  the 
distance.  This  is  summarized  by  four  examples  in  Fig  IS 
The  frequency  at  which  the  higher  modes  exceed  the  funda¬ 
mental  mode  is  plotted  as  a  function  of  distance  and  depth  in 
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Cross-over  frequency  vs.  distance 


FIG.  19  Summary  of  the  frequency  at  which  the  higher  modes  become 
dominant  plotted  as  a  function  of  source  distance  for  source  depth  at  I  and 
100  m,  The  hachure  indicates  the  range  of  parameter  values  consistent  with 
the  data. 
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km  distance  value  derived  from  the  coherence  model.  Figure 
20  shows  a  fine  scale  bathymetric  map  of  the  immediate  vi¬ 
cinity  of  the  experiment,  with  a  20-km  scale  showing  the 
approximate  source  distance.  Significant  topographic  fea¬ 
tures  are  located  roughly  at  this  distance,  in  particular  the 
Patton  escarpment  to  the  east,  and  a  seamount  to  the  north¬ 
west.  The  improved  fit  of  the  model  coherence  for//  =  4  over 
//  =0  is  evidence  that  the  incident  noise  field  strength  is 
asymmetric.  This  is  reasonable  in  light  of  the  fact  that  most 
of  the  departures  from  a  fiat  ocean  bottom  occur  on  the 
northeast  side  of  the  array  It  is  likely  that  inhomogencities 


in  the  ocean  bottom  boundary  can  scatter  incident  waves 
into  the  surficial  layer.  Levander  and  Hill27  showed  by  nu¬ 
merical  modeling  how  high-wave-number  signals  generated 
at  depth  (or  analogously  at  the  water  surface)  can  be  cou¬ 
pled  into  low- wave* number  signals  in  the  low  velocity  layer 
by  scattering  at  the  boundary.  Dougherty  and  Stephen2* 
demonstrated  how  volume  heterogeneity  could  convert  inci¬ 
dent  body  waves  intosurface  waves  While  we  cannot  make  a 
definitive  distinction  between  these  two  possibilities,  the  re¬ 
flection  profiling  data  available  to  us  most  closely  resemble 
the  assumptions  made  by  Levander  and  Hill.27 


FIG  20.  Bathymetry  of  the  array  vicinity  The  closest  boundaries  of  the  sedimentary  basin  are  15*  to  20  km  distance  away. 
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IV.  DISCUSSION 

Measurement  with  a  150*m  aperture  array  has  placed 
significant  constraints  on  the  coherence  of  ambient  noise 
between  0.06  and  10  Hz.  The  variation  of  coherence  length 
with  frequency  has  suggested  a  physical  model  for  the  am- 
bient  noise  on  the  ocean  floor.  The  observed  pattern  of  co¬ 
herence  is  well  modeled  by  a  relatively  broad  beam  distribu¬ 
tion  of  low-order  Rayleigh/Stoncley  waves.  The  velocity 
and  attenuation  structure  of  the  elastic  waveguide  a  fleets  the 
coherence  structure  by  controlling  the  rclatisc  power  of  the 
different  modes  asa  function  of  frequency  and  distance  from 
the  source.  I  he  coherence  field  at  the  CIRCUS  site  is  thus 
profoundly  affected  by  the  low-velocity  sediments  that  cover 
the  basin.  In  the  framework  of  this  rrnxlcl,  the  band  of  high 
coherence  length  between  0.8  and  4  lb  suggests  that  seismic 
waves  that  comprise  the  noise  arc  cxgtcd  at  a  distance  of  1 5 
to  20  km  from  the  array  site,  or  alternatively  at  a  depth 
greater  than  I (X)  m  below  the  ocean  floor.  Either  of  these 
possibilities  implies  that  the  energy  that  is  created  at  the 
ocean  surface  by  the  wave-wave  interaction  is  scattered  into 
the  sedimentary  layer  at  the  boundaries  of  the  basin, 

The  good  fit  of  this  model  to  the  observed  coherence 
indicates  that,  at  this  site  at  least,  scattered  energy  is  a  more 
important  source  of  seismic  noise  than  is  direct  radiation 
from  the  sea  surface  above  the  sensors.  This  is  in  contrast  to 
observations  in  shallow  water  where  Kibblcwhite  and 
Ewans70  have  shown  that  direct  radiation  from  the  nonlinear 
wave-wave  interaction  produces  the  observed  spectra  and 
where  Schmidt  and  Kupcrman'0  have  demonstrated  that 
seafloor  noise  in  shallow  water  is  excited  by  direct  coupling 
of  sca-surfacc  noise  into  the  waveguide  through  the  evanes¬ 
cent  part  of  the  wave  function 

The  coherence  length  of  ambient  noise  has  important 
consequences  for  the  design  of  arrays  to  be  used  for  sensing 
known  signals.  The  gain  of  the  array  only  becomes  substan¬ 
tial  if  the  sensor  separations  are  greater  than  the  coherence 
length  of  the  noise.  Here  the  noise  has  short  wavelengths  and 
sensor  groups  that  can  be  used  as  wave-number  filters  to 
suppress  short-wavelength  noise  while  leaving  longer-wave- 
length  signals  (from  ships,  earthquakes,  or  explosions)  un¬ 
impaired.  This  technique  is  widely  used  in  sensor  arrays  used 
in  reflection  seismology  both  on  land  and  in  towed  hydro¬ 
phone  arrays  at  sea. 

At  this  site,  the  coherence  length  varies  strongly  with 
frequency.  The  array  was  too  limited  in  extent  to  make  spa¬ 
tial  measurement  below  0.1  Hz,  but  for  higher  frequencies, 
we  can  conclude  that  an  observation  array  should  have  a 
group  spacing  of  no  less  than  50  m,  as  long  as  the  signal  of 
interest  has  a  substantially  longer  wavelength.  If  the  signal 
and  noise  have  roughly  the  same  wavelength,  more  sophisti¬ 
cated  data  processing  schemes  will  be  required  to  separate 
them. 

The  decomposition  of  the  noise  field  into  seismic  modes 
also  has  an  important  bearing  on  sub-bottom  seismometer 
deployments.  The  justification  for  making  the  effort  to  de¬ 
ploy  sensors  in  a  borehole  is  that  there  is  a  potential  for  im¬ 
proving  the  signal-to*noise  ratio  of  teleseismic  signal.  The 
degree  to  which  this  is  true  is  a  consequence  of  the  depth 
dependence  of  the  ambient  noise  compared  to  that  of  the 
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desired  signal.  Body  waves  are  often  of  interest,  especially  at 
frequencies  above  0.1  Hz,  and  their  amplitude  does  not  de¬ 
pend  directly  on  the  distance  from  the  seafloor.  This  study 
suggests  that  noise  near  the  ocean  floor  consists  predomi¬ 
nantly  of  interface  waves.  The  depth  dependence  of  interface 
waves  can  be  determined  from  the  mode  structure.  At  this 
site,  the  Rayleigh  mode  is  the  primary  contributor  to  noise 
below  0.8  Hz.  Above  that,  up  to  about  5  Hz.  higher  Rayleigh 
modes  have  higher  amplitudes  The  higher  modes  decay  less 
rapidly  with  depth  than  (he  fumlamcn1.il  mode  so  it  is  impor¬ 
tant  to  consider  their  elfects  when  determining  the  depth  of 
the  sensor. 
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Abstract— A  rwiil  experiment  aboard  the  Scripps  Institution  of 
Oceanofrapby's  (SIO)  R.V.  Thomas  Washington  demonstrated  the 
seafloor  mapping  advantages  to  he  derived  from  combining  the  high* 
mol  at  (on  bathymetry  of  a  multibeam  echo-sounder  with  the  sidescan 
acoustic  imaging  plus  wide  swath  bathymetry  of  a  shallow-towed  bathy¬ 
metric  stdeacaa  sonar.  To  avoid  acoustic  interferences  between  the  ship's 
12-lcHx  Sea  Beam  multibeam  echo-sounder  and  the  Hawaii  Institute  of 
Geophysics'  11-  12-kllx  SeaMARC  It  bathymetric  sidescan  sonar  sys¬ 
tem  daring  simultaneous  operations.  Sea  Beam  transmit  cycles  were 
scheduled  around  SeaMARC  II  timing  events  with  a  sound  source  syn¬ 
chronization  unit  originally  developed  at  Scripps  for  concurrent  slngle- 
chaund  seismic,  Sea  Beam,  and  3.$-k!lz  profile  operations.  The  schedul¬ 
ing  algorithm  implemented  for  Sea  Beam  plus  SeaMARC  II  operations 
is  discussed  and  the  first  results  of  (heir  combined  seafloor  mapping 
capabilities  are  presented. 


I.  Introduction 

THE  LAST  decade  seafloor  swath  mapping  systems  us- 

ng  multi-narrow  beam  or  bathymetric  sidescan  sonar  tech¬ 
nologies  [1]  have  gained  widespread  use  both  in  the  research 
field  to  study  seafloor  geomorphology  and  in  commercial  ap¬ 
plications  such  as  reconnaissance  seafloor  surveys  for  subma¬ 
rine  cable  routes.  Multi-narrow  beam  echo-sounders  typically 
use  hull-mounted  sonars  and  an  echo  processor  to  give  high- 
resolution  bathymetry  over  a  swath  ranging  from  75  to  over 
200%  of  the  water  depth.  By  comparison,  bathymetric  side¬ 
scan  systems  use  a  towed  sonar  and  shipboard  echo  process¬ 
ing  to  produce  both  a  high-resolution  acoustic  image  of  the 
seafloor  and  bathymetry  over  a  swath  often  greater  than  three 
times  the  altitude  of  the  tow  body  above  the  seafloor. 

For  deep-ocean  survey  work,  two  systems  have  been  widely 
used  by  the  oceanographic  research  community  in  the  United 
States:  The  Sea  Beam  multibeam  bathymetric  survey  sys¬ 
tem  [2J,  [3],  which  uses  hull-mounted  transducer  arrays,  and 
the  SeaMARC  II  bathymetric  sidescan  sonar  system  [4],  (5), 
which  uses  a  sonar  package  towed  400  to  500  m  behind 
the  ship  and  about  100-m  below  the  sea  surface.  Advocates 
of  each  technology  tend  to  focus  on  each  system's  advan- 
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tages:  High-resolution  bathymetry,  continuous  operation,  and 
“turn-key"  convenience  for  hull-mounted  multibeam  systems 
versus  wide  coverage,  acoustic  imaging,  and  portability  for 
towed  sidescan  systems.  However,  given  that  both  the  high- 
resolution  bathymetry  of  the  multibeam  systems  and  the  tex- 
turaK  information  derived  from  seafloor  acoustic  images  pro¬ 
duced  by  the  sidescan  systems  are  very  useful  for  solving 
geomorphologic  and  tectonic  research  problems,  it  would  be 
advantageous  to  operate  these  systems  simultaneously  (Fig. 
1).  But  because  the  Sea  Beam  and  SeaMARC  II  systems  op¬ 
erate  at  almost  the  same  acoustic  frequencies  ( 12. 158  kHz  for 
Sea  Beam,  11  kHz  (port)  and  12  kHz  (stbd)  for  SeaMARC 
H),  they  cannot  be  used  concurrently  without  interfering  with 
each  other  unless  the  transmit  sequences  of  both  systems  are 
controlled.  The  simplest  control  algorithm  which  would  allow 
the  simultaneous  operation  of  the  two  systems  with  minimum 
mutual  acoustic  interference  merely  permits  each  system  to 
transmit  on  alternate  pings  at  the  end  of  the  receive  window  of 
the  other  one.  Although  simple,  this  method  is  very  inefficient. 

A  more  elaborate  algorithm  has  been  developed  and  was 
implemented  in  May  1989,  during  Leg  18  of  the  Roundabout 
expedition  of  the  Scripps  Institution  of  Oceanography’s  (SIO) 
R.  V.  Thomas  Washington .  This  algorithm  takes  into  account 
the  timing  requirements  of  both  systems  and  schedules  the 
Sea  Beam  transmit  sequences  for  optimum  data  density  in  a 
dual  operation.  Timing  events  were  controlled  by  a  sound- 
source  synchronization  unit  originally  developed  by  SIO’s 
Shipboard  Computer  Group  to  schedule  the  firing  rates  of  a 
single-channel  seismic  system,  the  Sea  Beam  system,  and  a 
3.5-kHz  subbottom  profiler  (6).  In  the  following  we  describe 
the  timing  requirements  of  the  Sea  Beam  and  SeaMARC  II 
systems  and  the  algorithm  developed  to  synchronize  them  for 
simultaneous  operation.  We  then  present  the  first  results  of 
this  joint  operation. 

II.  Sea  Beam  Timing 

The  Sea  Beam  system  derives  its  depths  measurements  from 
a  set  of  16  preformed  acoustic  beams  spaced  roughly  2-2/3° 
apart,  with  beam  widths  of  about  2-2/3°  at  the  half-power 
points.  Together,  these  beams  delimit  an  angular  sector  of 
about  ±  22°  on  either  side  of  the  ship’s  vertical  axis.  These 
beam  directions  are  fixed  within  the  ship’s  reference  frame. 
Roll  and  refraction  corrections  are  performed  by  the  Sea  Beam 
echo  processor  before  the  depths  and  horizontal  distances  are 
computed  for  each  transmission  cycle. 


0364-9059/90/0400-0084 $01 .00  <§)  1990  IEEE 


63 


86 

side  W  (horizontal  range): 

flsj  =/»rf/cos(fl  tan(2M'/c/w))  (2) 

where  c  is  the  nominal  sound  speed  in  seawater  expressed  in 
meters  per  second,  and  Rst  represents  the  minimum  repetition 
rate  for  a  given  depth  below  the  tow  vehicle. 

In  contrast  to  the  sidcscan  subsystem,  the  bathymetry  sub¬ 
system  acquires  data  to  a  limiting  angle  rather  than  a  horizon¬ 
tal  range  as  in  (2).  Bathymetry  is  derived  from  measurements 
of  the  phase  difference  of  echoes  received  at  two  transducer 
rows  separated  by  about  half  a  wavelength  in  a  plane  parallel 
to  the  face  of  the  corresponding  acoustic  array.  These  phase 
angles  arc  sampled  at  4  kHz  and  binned  into  a  two-dimensional 
histogram  of  phase  angles  versus  time  after  bottom  detection. 
These  data  are  subjected  to  modal  picking  (selecting  the  time 
bin  with  the  largest  number  of  samples  in  each  angle  row) 
and  filtering  to  extract  a  table  of  arrival  times  as  a  function  of 
the  phase  angle  for  each  transmit  cycle.  A  simple  theoretical 
relationship  ties  differential  phase  angles  <i>  to  acoustic  arrival 
angles  6a%  formed  by  the  direction  of  the  incoming  sound  en¬ 
ergy  and  the  normal  to  the  face  of  the  array: 

*'=afcsin(sl)  (3) 

where  X  is  the  acoustic  wavelength,  and  D  is  the  distance 
between  the  acoustic  centers  of  the  two  rows.  However,  as 
described  by  Blackinton  15],  because  (3)  assumes  ideal  array 
beam  patterns  and  does  not  take  into  account  sound  refraction 
effects  through  the  water  column,  it  is  not  sufficient  to  obtain 
accurate  bathymetry  with  the  SeaMARC  II  system.  Instead, 
phase  angles  are  converted  directly  to  depths  and  horizontal 
distances  through  a  table  lookup  process.  The  lookup  table 
is  determined  empirically  by  running  the  sonar  system  over  a 
“known**  portion  of  the  seafloor  in  the  vicinity  of  the  survey 
area. 

In  the  bathymetry  subsystem,  the  reception  window  over 
which  useful  phase  angle  measurements  are  obtainable  is  lim¬ 
ited  by  (i)  the  near-nadir  insonification  effects,  (ii)  interfer¬ 
ences  from  bottom  multiples,  and  (iii)  decreasing  signal- to- 
noise  ratio  for  signals  arriving  at  the  two  rows  from  far  ranges, 
yielding  large,  variances  in  the  phase-angle  measurements  and 
estimates  of  depth  that  are  unreliable. 

Differential  phase  measurements  are  unreliable  for  echoes 
received  near  nadir  because  the  outgoing  acoustic  pulse  in- 
sonifies  instantaneously  a  large  area  of  the  seafloor,  resulting 
in  a  low  spatial  coherence  between  the  bottom  echoes  received 
at  each  transducer  row.  In  the  SeaMARC  II  bathymetric  sub¬ 
system  this  results  in  a  blind  zone  spanning  roughly  dh  10° 
on  either  side  of  the  vertical  incidence.  By  analogy,  a  multi¬ 
beam  echo-sounder  is  beam-limited  in  the  near-nadir  region 
as  the  pulse  insonifies  an  area  larger  than  the  beam  footprint. 
Movinb  away  from  the  nadir,  the  pulse  begins  to  “propagate 
horizontally”  and  the  tackscatter  process  is  pulse  limited,  al¬ 
lowing  discrete  phase  measurements. 

The  first  bottom  multiple  is  the  acoustic  energy  that  traveled 
from  the  tow  vehicle  to  the  bottom,  to  the  sea  surface,  back 
to  the  bottom,  and  then  back  to  the  tow  vehicle.  This  signal 
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arrives  at  the  tow  vehicle  at  the  same  time  as  a  bottom  echo 
at  incidence  ai.£'c  6m  such  that: 


where  F„  is  the  altitude  of  the  tow  vehicle  above  the  bot¬ 
tom,  and  F fi  is  the  depth  of  the  tow  vehicle  below  the  sur¬ 
face.  Because  in  most  cases  the  SeaMARC  II  tow  depth  is 
small  (typically  about  100  m)  compared  to  the  total  water 
depth,  Bm  is  usually  a  few  tenths  of  a  degree  greater  than 
60°.  In  addition,  the  time-picking  algorithm  used  during  real¬ 
time  processing  does  not  give  reliable  results  beyond  the  first 
bottom  multiple.  Therefore,  to  avoid  acquisition  of  differential 
phase  data  from  bottom  multiples  and  multiple  target  reflec¬ 
tions  that  would  potentially  contaminate  true  bottom  returns, 
the  bathymetry  reception  window  is  forced  to  close  at  (or  be¬ 
fore,  as  in  (7),  below)  twice  the  bottom  detection  time,  which 
corresponds  to  the  arrival  at  60°  incidence.  With  this  limiting 
angle  and  the  roughly  half-wavelength  spacing  between  the 
transducer  rows,  the  measured  phase  angles  do  not  overlap 
(wrap  around  2ir)  within  the  reception  window  except  over 
extremely  steep  topography  where  duplicate  phase  angles  can 
be  received.  Thus  for  the  bathymetry  subsystem  the  minimum 
repetition  rate  R^mb  is: 

R%mb  —  (5) 

The  60°  bathymetry  swath  width  and  -nc  one-sided  sidcscan 
swath  width  coincide  for  Fa%  such  that: 

F„  =  W I A  (6) 

For  a  one-sided  swath  width  W  of  5120  m,  this  corresponds 
to  a  tow  vehicle  altitude  Fa  of  2956  m  or  a  bottom  detection 
time  of  3.94  s.  Therefore,  the  sidcscan  mode  determines  5ea- 
MARC  II  timing  for  bottom  detect  times  below  3.94  s,  and 
the  bathymetry  mode  controls  the  timing  above  3.94  s. 

For  bottom  detection  times  greater  than  4  s,  a  further  timing 
limitation  is  imposed  by  the  SeaMARC  II  hardware  in  the 
bathymetric  subsystem.  Binary  counters  determine  the  time 
window  over  which  phase  data  are  sampled  by  using  a  linear 
function  of  the  bottom  detection  time.  Starting  at  4  s,  the 
window  closes  at 

Rsmb  =  0.75/^  4-  5.  (7) 

With  the  existing  SeaMARC  II  sidescan  swath  limit  of  10.24 
km,  even  this  narrowing  imposed  on  the  bathymetric  swath 
will  yield  swath  widths  greater  than  10  km  for  vehicle  alti¬ 
tudes  where  bottom  detection  times  exceed  4  s.  In  such  cases, 
bathymetry  acquisition  continues  beyond  the  sidescan  acquisi¬ 
tion. 

Subsequent  to  the  joint  operation  on  the  Thomas  Wash¬ 
ington ,  an  option  was  added  to  the  SeaMARC  II  bathymetry 
subsystem  to  allow  acquisition  of  4  s  of  data  after  bottom 
detection,  resulting  in  an  alternative  to  (7): 

Rsmb  —  tbd  +4.  •  (8) 
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Fig.  I  Gcomclry  of  a  dual  Sea  Bcam-ScaMARC  II  operation 


Fig.  2  Athwirtshifu  geometry,  a  it  the  bottom  slope;  0  is  the  1/2  width 
of  the  overall  receiving  angular  sector;  F  is  the  point  corresponding  to  the 
first  echo  arrival;  and  L  is  that  of  the  last  echo  arrival. 

With  this  acoustic  geometry,  the  minimum  time  interval  be¬ 
tween  transmissions  Rsb  is  a  function  of  the  time  of  first  echo 
arrival  after  transmit  //tf,  and  of  the  width  of  the  echo  recep¬ 
tion  window  delimited  by  an  angular  sector  $  4  a  encompass¬ 
ing  the  first  and  last  echo  arrivals  (Fig.  2); 

Rsb  =t/a/cos{a  +6)  (1) 

where  a  is  the  absolute  value  of  the  bottom  slope  in  the  cross¬ 
track  direction,  and  0  is  half  the  width  of  the  reception  angular 


TABLE  I 

SfaMARC  II  Sidfscan  Options 


Pixel  Size  (m) 

0.5 

1 

2.5 

S 

5 

Swmh  Wiillh  <m) 

1.07  4 

2.04* 

5.120 

10.240 

10.240 

Altitude  setting 

1  nw 

low 

1  nw 

1  ow 

lllRh 

Transmit  Hep  Hate  (s) 

1 

2 

4 

8 

8  16 

Min  Vehicle  Altitude  (m) 

75 

50 

:oo 

250 

1.022 

Max  Vehicle  Altitude  (m) 

250 

500 

1.250 

2.500 

10.220 

sector  plus  the  ship’s  roll  angle.  For  the  Sea  Beam  system. 
9  =  22°  4-  roll.  For  practical  purposes  the  bottom  slope  or 
can  be  given  an  upper  limit  of  20°,  which  is  representative  of 
average  apparent  slope  angles  measurable  in  steep  topography 
with  the  Sea  Beam  system. 

Aboard  the  R.  V.  Thomas  Washington  the  Sea  Beam  sys¬ 
tem  is  keyed  by  the  edge  trigger  of  a  linescan  recorder  whose 
sweep  rate  is  a  multiple  of  1  s.  As  a  result,  effective  Sea  Beam 
ping  rates  are  set  to  the  nearest  integral  second  after  the  Sea 
Beam  echo  processor  has  enabled  the  system’s  transmit  func¬ 
tion. 

For  the  generation  of  multibcam  echo-sounders  developed 
in  the  1980’s  (c.g.,  ECHOS  XD,  EM-12/24,  Hydrosweep. 
Sea  Beam  2000)  with  an  angular  coverage  of  ±  45°  or  more, 
the  ship’s  roll  correction  takes  place  during  the  beamformmg 
operation.  For  these  systems,  6  in  ( l)  is  only  the  half-width  of 
the  reception  angular  sector  with  respect  to  the  true  vertical. 

III.  SfaMARC  II  Timing 

To  operate  as  a  sidescan  sonar  and  a  bathymetric  mapping 
system.  Sea  MARC  II  uses  two  subsystems  that  acquire  data 
independently.  Both  subsystems  begin  data  acquisition  upon 
receipt  of  the  first  seafloor  return,  defined  as  the  first  echo 
whose  amplitude  exceeds  a  preset  threshold  in  the  bottom 
detection  circuitry  common  to  both  subsystems.  Depending 
on  water  depth  and  swath  width,,  different  timing  schedules 
are  used.  The  digitized  sidescan  swath  contains  1024  samples 
per  side,  and  the  swath  width  is  determined  by  the  pixel  size 
selected  by  the  operator  according  to  the  vehicle’s  altitude 
above  the  seafloor.  In  addition,  because  the  system  cannot 
resolve  pixels  in  the  near-nadir  region,  it  blanks  out  the  first 
40  pixels  on  each  side  of  the  track.  Pixel  size  and  vehicle 
altitude  options,  the  corresponding  swath  widths,  and  transmit 
repetition  rates  are  listed  in  Table  I. 

In  water  depths  in  excess  of  1000  m  the  system  is  usually 
operated  at  a  total  swath  width  of  10  240  m  with  either  the 
low-altitude  option,  whose  transmit  repetition  rate  is  Fixed  at 
8  s,  or  the  high-altitude  option,  whose  transmit  repetition  rate 
is  selectable  in  increments  of  1  s,  starting  at  8  s. 

Different  timing  schedules  apply  to  the  sidescan  or 
bathymetry  functions  depending  upon  the  vehicle’s  alti¬ 
tude  above  the  seafloor  and  the  pixel  size— hence  swath 
width— selected.  For  sidescan  operation  alone  the  minimum 
repetition  rate  is  a  function  of  the  time  of  the  first  echo  ar¬ 
rival  or  bottom  detection  time  tbd  and  the  swath  width  to  one 
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(From  mi  %urf*c*  <9  norm*!  ncxjmct) 


Fig.  3  Ping  rale*  for  Sea  Beam  and  SeaMARC  H  operating  individually  or 
jointly  (equation*  (I),  (2),  and  (7)  in  (eat). 


Selection  of  cither  option  depends  upon  whether  the  maximum 
SeaMARC  II  bathymetric  swath  width  (8)  or  an  increased 
transmit  cycle  frequency  (7)  is  desired. 

For  bottom  detection  times  less  than  4  s,  (5)  determines 
the  timing  of  the  bathymetry  subsystem.  However,  for  the 
overall  SeaMARC  II  timing,  when  the  bottom  detection  time 
is  less  than  3.94  s,  the  sidescan  timing  (2)  dominates.  Thus 
(5)  applies  only  to  the  interval  3.94  s  to  4  s  and  is  ignored 
in  the  combined  SeaMARC  II-Sea  Beam  operation  described 
below. 

IV.  Algorithm  for  Combined  SfaMARC  II-Sfj*  Beam 
Operation 

Equations  (I),  (2),  and  (7)  form  the  bases  of  the  scheduling 
algorithm  which  allows  She  joint  operation  of  the  Sea  Beam 
and  SeaMARC  II  systems.  These  functions  are  represented 
graphically  in  Fig.  3,  where  the  ordinate  corresponds  to  the 
minimum  repetition  rates  required  for  each  operation,  whether 
individually  or  jointly  scheduled.  Because  of  its  relatively  nar¬ 
row  swath,  the  Sea  Beam  system  would  normally  operate  at 
ping  repetition  rates  more  than  twice  those  of  the  SeaMARC 
II  system  for  bottom  detection  times  of.4  s  or  less.  In  such  sit¬ 
uations,  interferences  of  the  type  illustrated  in  Fig.  4,  where 
each  system  runs  independently,  would  be  difficult  to  avoid 
unless  the  ping  rate  of  the  Sea  Beam  system  were  slowed 
down  by  running  its  graphic  recorder  on  a  sweep  rate  of  6  s 
or  longer. 

Because  the  SeaMARC  II  system  requires  longer  repetition 
rates,  it  is  more  practical  to  schedule  the  Sea  Beam  system 
based  on  the  SeaMARC  II  ping  rate  rather  than  vice  versa. 
This  is  also  true  for  operational  reasons  because  SeaMARC  II, 
as  presently  configured,  cannot  accept  an  external  trigger,  so 
it  was  operated  with  a  fixed  transmission  repetition  rate.  With 
SeaMARC  II  set  for  a  10  240-m  total  swath  width,  SeaMARC 
II  sidescan  timing  (2)  is  used  to  determine  the  joint  ping  rate 
for  bottom  detection  times  below  4  s;  above  4  s,  SeaMARC 
II  bathymetry  timing  (7)  (alternatively,  (8))  is  used,  yielding 
the  following  algorithm,  where 


Initialization 

W  ss  5120  m 

SeaMARC  II  one-sided  swath 
width. 

c  =  1500  m/s 

nominal  sound  speed. 

a  4*0  =45° 

Sea  Beam  “angle  of  incidence,’* 

Fd  =  100  m 

nominal  SeaMARC  II  tow  depth. 

d  =  450  in 

nominal  SeaMARC  II  tow  distance, 

R 

Sea  Beam  ping  rate  (s). 

S 

ship's  speed  (m/s), 

A  =  1/ cos  (a  -1-  0) 

constant  in  ( 1 ),  (9a) 

B  =  2\V  jc 

constant  in  (2).  (9b) 

For  each  ping 

index  -  integer  (d/i SR)).  (9c) 

Index  is  the  approximate  number  of  pings  required  to  ac¬ 
count  for  the  horizontal  separation  between  the  ship  and  the 
tow  vehicle  (Fig.  1).  The  time  of  first  arrival  t,  is  estimated 
from  the  shallowest  depth  measured  by  the  Sea  Beam  system 
during  the  previous  transmission  cycle.  A  different  time  must 
be  used  foi  the  SeaMARC  II  bottom  detection  time  as  the 
vehicle  is  usually  towed  400  to  450  m  behind  the  ship.  With  a 
ship’s  speed  of  8  kn  (4  m/s)  and  a  12-s  transmission  cycle,  the 
SeaMARC  II  bottom  detection  time  / bd  therefore  corresponds 
to  the  shallowest  depth  measured  by  the  Sea  Beam  system  10 
pings  prior,  minus  the  depth  of  the  tow  vehicle  below  the 
surface.  The  SeaMARC  It  bottom  detection  time  is  then: 


t btt,  —  intic*  *“  <f  fc(.  (9d) 

Hence  the  repetition  rates  for  Sea  Beam: 

T$b,  =  Att  +  A/  -  tb(il{\  -  l/cos(atan(5//ftrf())), 

0  <  tbdi  <  4  (9e) 

rSB(  -  At,  +A/+5-  thfil  /4,  thdl  >  4.  (90 

With  (8),  (9f)  would  be: 

rSB|  =At,  +  At  +4,  tb(ti  >  4.  (9g) 


This  algorithm  is  illustrated  in  the  timing  diagram  shown  in 
Fig.  5,  and  the  results  of  the  corresponding  scheduling  appear 
on  a  sample  of  a  SeaMARC  II  real-time  raw  sidescan  record 
shown  in  Fig.  6.  To  accommodate  the  longer  reception  time 
required  by  the  SeaMARC  II  system,  Sea  Beam  is  forced  to 
transmit  before  SeaMARC  II  transmits  so  that  it  has  com¬ 
pleted  receiving  by  the  time  the  SeaMARC  II  receive  window 
opens  (the  time  of  previous  bottom  detect  -  0.067  s).  The 
time  interval  between  transmit  pulses  (T,*  in  Fig.  5)  from  both 
systems  corresponds  to  the  Sea  Beam  reception  time  window 
plus  an  adjustment  factor  A /  which  allows  the  scheduling  al¬ 
gorithm  to  track  the  bottom  upslope  or  downslope  along  the 
ship's  track.  During  this  experiment  A t  was  set  conservatively 
to  1  s. 

The  foregoing  algorithm  is  coded  as  a  FORTRAN  77  pro¬ 
gram  which  runs  on  the  shipboard  VAX  1 1/730  computer  used 
for  the  real-time  acquisition  and  processing  of  underway  geo¬ 
physical  data  and  navigation  on  the  Thomas  Washington  [7]. 
Whereas  inputs  such  as  depths  measured  by  the  Sea  Beam 
system  and  the  ship’s  speed  are  obtained  directly  from  data 
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Fig  4  SeaMARC  II  sidcscan  record  showing  Sea  Beam  interference*  occurring  when  both  system*  are  run  simultaneously  without 
synchronization  Interferences  (within  dashed  areas)  are  strongest  near  th:  center  of  the  swath  and  on  the  starboard  side  where 
the  receivers  are  tuned  to  12  kHz 


Ism - - - Tsm 


SeaMARC  II  “’“'""IHl'  “'“'♦'“‘Ull ,  j 

Sea  Beam  | 

A! 

M'  “I 

_  'K^i  1 

Mr* 

- - T  SB|  — 

j-V  ! 

- - Tsbui  - *j 

Fig  5.  Timing  diagram  for  a  joint  Sea  Beam-SeaMARC  II  operation  7\M  is  the  SeaMARC  II  ping  rate,  held  fixed  in  this 
application.  7\#(  is  the  ping  rate  of  the  Sea  Beam  system  as  determined  by  the  scheduling  algorithm  and  updated  at  every  ping. 
/,  is  (he  time  of  the  first  echo  arnvil  received  by  Sea  Beam,  and  t m,  is  the  bottom  detect  time  for  SeaMARC  II.  estimated  from 
the  corresponding  Sea  Beam  lime  a  number  of  pings  before  Stripped  blocks  represent  the  receiving  windows  of  each  system. 
For  SeaMARC  II.  the  window  length  is  the  largest  of  the  bathymetry  of  sidescan  receive  windows 


files  on  the  VAX,  timing  information  is  obtained  through  a 
sound  source  synchronization  unit  (Sync  Box)  interfaced  with 
the  VAX  [6).  To  tie  the  sound  sources  to  a  common  time 
base,  the  Sync  Box  synchronizes  its  internal  clock  with  the 
trigger  pulse  of  the  device  given  highest  priority,  and  this  clock 
serves  as  a  reference  for  scheduling  the  other  sound  sources. 
Timing  events  for  each  source  are  transmitted  by  the  Sync 
Box  to  the  VAX,  where  a  FORTRAN  program  determines  the 
optimum  firing  schedule  for  the  next  cycle  and  transmits  the 
corresponding  parameters  back  to  the  Sync  Box. 

A  similar  scheme  was  used  to  schedule  transmissions  of 
the  SeaMARC  II  and  Sea  Beam  systems.  Because  it  was  not 
practical  to  control  remotely  the  SeaMARC  II  timing  with 
the  hardware  configuration  available  during  the  experiment, 
the  SeaMARC  II  transmission  rate  was  held  constant  and  its 


trigger  pulse  was  used  as  the  reference.  The  Sync  Box  syn¬ 
chronized  its  internal  clock  to  this  pulse  and  passed  the  infor¬ 
mation  to  the  VAX,  where  scheduling  parameters  were  deter¬ 
mined  according  to  (9)  and  sent  back  to  the  Sync  Box. 

V.  First  Results 

The  algorithm  described  above  was  implemented  success¬ 
fully  for  several  SeaMARC  II  lowerings  along  a  transect  be¬ 
tween  Honolulu,  Hawaii,  and  San  Diego,  California  (Fig.  7) 
Examples  of  the  data  gathered  at  depths  of  5000  m  in  the  vicin¬ 
ity  of  the  Murray  Fracture  Zone  and  at  depths  as  shallow  as 
500  m  on  the  continental  slope  off  Point  Arguello,  California, 
are  shown  in  Figs.  8  and  9,  which  are  used  here  to  illustrate 
the  benefits  and  disadvantages  of  the  dual  operation. 

At  the  5000-m  depth  the  SeaMARC  II  transmitted  at  a  fixed 
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Fig  6,  Real-lime  SeflMARC  II  raw  «tlc<can  display  for  the  Marbnard  side  (12  kHr)  showing  ihe  liming  evenls  due  lo  the  scheduling 
algorithm.  The  width  of  ihe  display  is  13  s,  as  set  hy  ihe  sweep  rate  of  the  recorder  The  Sea  Beam  reception  window  seen  in 
this  figure  falls  well  outside  the  SeaMARC  II  reception  window,  which  begins  at  Im  =  0.067  s,  and  does  not  interfere  with  the 
SeaMARC  II  bottom  detect  function 


160*  W  150*  W  140*  W  130*  W  120*  W 


Fig  7  R  V  Thomas  Washington's  track  chart  for  Leg  18  of  the  Roundabout  expedition,  showing  the  locations  of  Figs,  8  and 
9  in  geographic  coordinates.  Stippled  areas  indicate  surveys  carried  out  with  the  dual  operation. 


transmit  repetition  rate  of  13  s,  and  the  Sea  Beam  was  sched¬ 
uled  accordingly.  As  illustrated  in  Tig.  3,  at  5(MX)  m  (6.6  s) 
Sea  Beam  usually  transmits  every  8  s,  so  that  the  depth  sam¬ 
ples  are  spaced  about  46-m-apart  along-track  for  the  ship’s 
speeds  of  1 1-12  kn  f5.5-6  m/s).  However,  while  towing  Sea¬ 
MARC  II,  the  ship’s  speed  had  to  be  reduced  to  9  kn  or  less; 
thus  in  spile  of  the  13-s  repetition  rale,  the  along-track  spacing 
of  Sea  Beam  depth  samples  only  increased  by  roughly  27%, 
with  sampling  ratios  along-track  versus  across-track  of  4  to  I . 

Because  the  lowest  repetition  rate  available  for  the  10  240-m 
SeaMARC  II  swath  is  8  s,  in  waters  shallower  than  2000  m  the 
resulting  along-track  depth  sampling  of  the  Sea  Beam  system 
can  be  reduced  by  more  than  half,  compared  to  its  stand-alone 
operation.  However,  the  limit  at  which  the  spacing  of  depth 
samples  in  the  along-track  direction  becomes  lower  than  that 
of  cross-track  samples  is  not  reached,  and  full  coverage  at  the 


cross-track  resolution  of  the  echo-sounder  is  still  maintained. 
Therefore,  compared  to  their  respective  standard  operations, 
the  dual  Sea  Bcam-SeaMARC  II  operation  entails  lower  sur¬ 
vey  speeds  and  lower  data  densities  for  the  Sea  Beam  system 
and,  in  some  cases,  a  slight  decrease  (usually  less  than  8%) 
in  the  data  density  for  SeaMARC  II,  none  of  which  degrades 
the  coverage  past  the  100%  mark.  However,  this  reduction 
in  data  density  during  dual  operation  is  compensated  by  sev¬ 
eral  benefits  discussed  below. 

A  SeaMARC  II  survey  is  enhanced  by  simultaneously  oper¬ 
ating  Sea  Beam  from  the  towing  vessel  in  at  least  three  ways: 

1)  Multibeam  bathymetry  data  fill  the  data  gap  directly  be¬ 
neath  the  SeaMARC  II  vehicle,  a  central  swath  from  which 
no  useful  sidescan  or  bathymetry  data  are  collected  but  where 
multibeam  performance  is  optimal.  As  shown  in  Fig.  8,  this 
gap  may  be  as  wide  as  750  m  at  full  ocean  depths;  SeaMARC 
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Fig.  8(a).  5000-m-dcpth  survey  .example  ScaMARC  II  sidescan  in  the  vicinity  of  the  Murray  Fracture  Zone  (Fig.  7). 
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Fig.  8(b).  500O*m*depth  survey  example.  SeaMARC  II  plus  Sea  Beam  balhymelry  in  the  vicinity  of  Ibe  Murray  Fracture  Zone 
(Fig  7).  Contours  at  I00*m  intervals  from  Sea  Beam  data  (black  lines)  are  overlaid  on  SeaMARC  11  bathymetry  (color  filled). 
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II  bathymetry  data  have  a  central  blank  zone  extending  about 
10°  on  either  side  of  the  nadir  line  (i.c..  I  8-km  wide  at  a 
5-km  water  depth).  The  benefit  extends  beyond  merely  infill¬ 
ing  gaps  in  the  SeaMARC  II  mapping:  It  provides  an  accu¬ 
rate  bathymetric  profile  for  use  in  interpreting  other  ancillary 
observations  fe.g..  seismic  reflection,  gravity,  and  magnetic 
measurements)  that  may  also  be  made  along  the  ship’s  track. 
Indeed,  the  along-track  depth  profile  beneath  the  ship  mea¬ 
sured  by  the  Sea  Beam  system  provides  a  valuable  quality 
.issurniKC  lor  the  bottom  detection  times  rounded  by  the  Sea¬ 
MARC  II  system  and  can  he  used  to  convert  slant  ranges  into 
horizontal  ranges  assuming  a  flat  bottom,  although  a  conven¬ 
tional  echo-sounder  is  also  adequate  for  this  purpose. 

2)  At  all  water  depths,  the  multibeam  echo-sounder  mea¬ 
sures  water  depth  more  precisely  and  accurately  than  can 
be  achieved  by  the  phase  difference  measurement  of  Sea¬ 
MARC  II  The  signal  used  for  the  latter  measurement  is  ex¬ 
tremely  noisy  when  returned  by  sediment-covered  (usually  low 
backscattcr)  seafloors  deeper  than  4000  m,  to  the  extent  that 
the  bathymetric  data  are  not  amenable  to  machine  contouring, 
and  is  best  presented  as  layer-colored  displays  (c  g.,  fig.  8). 
Over  a  more  reflective,  shallower  seafloor  it  proved  possi¬ 
ble  to  process  and  machine-contour  SeaMARC  II  bathymetry 
using  SIO’s  Sea  Beam  processing  software  |8|,  and  good 
matches  with  overlapping  Sea  Beam  contours  were  achieved 
with  a  50*m  vertical  interval.  (Before  making  these  matches, 
corrections  must  be  made  for  the  vertical  and  horizontal  sepa¬ 
ration  of  the  ship  and  the  SeaMARC  II  tow  vehicle.)  Sea  Beam 
contours,  by  comparison,  arc  generally  valid  at  a  !0-20*m  in¬ 
terval.  Although  the  concurrent  acquisition  of  bathymetric  data 
from  both  systems  allows  more  quantitative  comparisons  to  be 
made,  such  analyses  are  beyond  the  topic  of  this  paper  and 
will  be  presented  in  a  forthcoming  paper. 

3)  Matching  high-resolution  bathymetry  at  track  crossings 
allows  for  the  rectification  of  a  survey’s  navigation  (c.g., 
(8),  |9|).  This  technique,  an  essential  element  of  Sea  Beam 
surveying  except  where  very  precise  positioning  systems  are 
available,  facilitates  the  production  of  accurate  SeaMARC  II 
mosaics 

Conversely,  Sea  Beam  surveys  benefit  from  simultaneously 
collecting  SeaMARC  II  data  because: 

1)  The  broader  swath  of  the  sidescan  system  allows  a  wider 
spacing  of  survey  tracks  to  achieve  complete  coverage  or  the 
percentage  of  coverage  judged  necessary  to  -solve  the  partic¬ 
ular  problem  being  addressed  by  the  survey,  hence  making 
more  efficient  use  of  ship-time.  As  now  configured,  the  Sea¬ 
MARC  II  system  yields  a  sidescan  swath  10.24-km  wide  and 
a  bathymetric  swath  (where  signal  strength  is  adequate)  equal 
to  roughly  3.4  times  the  water  depth.  The  swath  width  of 
the  Sea  Beam  system  on  the  Thomas  Washington  is  equal 
to  only  0.7  times  water  depth  (although  second-generation 
mulhbeams  with  swaths  twice  the  water  depth  or  more  are 
now  in  scientific  use).  The  disparity  in  width  of  coverage  is 
most  marked  at  shallow  e.g.,  at  the  continental  slope 

site  shown  in  Fig.  9,  where  the  Sea  Beam  swath  is  only  a 
few  hundred  meters  wide.  In  this  situation,  the  matching  of 
targets  on  SeaMARC  II  sidescan  images  may  be  the  most 
effective  method  of  rectifying  navigation.  Note  also  that  in 


Fig.  8(a),  deep-water  tracks  8-10  km  apart  have  an  overlap 
of  SeaMARC  II  data  (allowing  mutual  adjustment  of  their 
navigation),  but  not  of  Sea  Beam  data. 

2)  The  sidescan  data  enhance  the  geologic  interpretation  of 
the  bathymetry  by  providing  an  acoustic  characterization  of 
the  seafloor  from  which  geologic  composition  (rock,  sand,  or 
mud)  can  be  inferred.  For  example,  the  high  backscattcr  of 
the  circular  targets  in  Fig.  8  allows  them  to  he  interpreted  as 
small  rocky  volcanoes  rising  above  a  sedimented  plain,  while 
the  low  hacks*. alter  ol  the  channel  axes  in  Fig  0  suggests 
sandy  fills.  Some  characterization  of  acoustic  backscattcr  can 
he  achieved  with  multihcam  systems  hy  recording  the  ampli¬ 
tudes  and  phases  of  the  echoes  received  by  each  beam  (eg. 
1 101.  ( 1 1  )>«  but  with  a  1 6-beam  system  the  results  are  much  in¬ 
ferior  to  SeaMARC  ll  sidescan  in  both  resolution  (the  acoustic 
pulse  length  used  in  Sea  Beam  is  seven  times  longer  than  that 
in  SeaMARC  II  at  the  10  24-kin  swath)  and  swath  width 

3)  The  SeaMARC  II  sidescan  system  can  resolve  targets 
with  or  without  bathymetric  expression  that  have  much  srnaller 
horizontal  dimensions  than  the  relief  features  resolved  hy  Sea 
Beam.  The  cross-track  resolution  of  SeaMARC  It.  when  op¬ 
erated  with  a  10.24-km  swath,  is  5  ni  (pixel  size),  compared  to 
a  cross-track  resolution,  over  a  5-km-dccp  seafloor,  of  about 
240  m  for  Sea  Beam  Small-scale  features  may  be  of  great  sig¬ 
nificance  for  many  geologic  problems;  for  example,  mapping 
narrow  lines  of  rock  outcrops  may  be  crucial  for  establishing 
the  structural  lineation  of  a  mainly  sedimented  seafloor,  al¬ 
though  if  the  sediment  cover  is  complete,  wc  have  found  that 
the  higher  resolution  multibeam  bathymetry  may  delineate  un¬ 
derlying  structural  trends  more  accurately  than  any  sidescan 
system  can. 

There  arc  three  disadvantages  of  a  dual  Sea  Beam- 
SeaMARC  II  operation:  The  one  most  obvious  to  our  spon¬ 
sors  is  the  high  cost  of  operating  both  systems  simultaneously. 
This  cost  could  he  reduced  by  the  cross  training  of  the  two 
sets  ot  technicians  and  engineers  to  make  them  more  versatile. 
As  already  noted,  we  also  incurred  some  degradation  of  Sea 
Beam  performance  and  survey  speed.  A  less  obvious  problem 
is  that,  in  general,  the  goal  of  acquiring  a  sidescan  mosaic 
severely  constrains  the  survey  pattern  to  mainly  parallel  tracks 
that  are  at  low  oblique  angles  to  the  gram  of  the  relief.  Other 
patterns  may  he  effective  for  particular  geologic  targets  (c.g,, 
wc  surveyed  a  large  guyot  with  a  nested  pentagon  variant  of 
concentric  circular  tracks),  but  a  pattern  optimized  for  side- 
scan  coverage  frequently  results  in  a  suboptimal  magnetic  or 
seismic  reflection  survey.  Multibeam  surveys  arc  much  less 
sensitive  to  track  orientation,  although  the  best  data  are  ob¬ 
tained  with  tracks  at  high  angles  to  the  relief.  Furthermore, 
once  a  sidescan  survey  is  underway,  there  is  a  limited  flexibil¬ 
ity  to  adaptively  change  the  pattern  in  response  to  bathymetric 
discoveries;  this  makes  SeaMARC  II  a  much  better  tool  for 
describing  the  morphology  of  features  whose  extent  and  orien¬ 
tation  is  known,  rather  than  for  exploring  regions  of  unknown 
relief  (a  common  objective  with  multibeam  echo-sounders). 

VI.  Conclusions 

We  have  demonstrated  the  feasibility  of  running  concur¬ 
rent  Sea  Beam  and  SeaMARC  II  surveys  from  a  single  ship 
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(b) 

Ftp.  9  500-m*<Jcpth  survey  example  (a)  SeaMARC  II  sidescan,  and  (h)  SeaMARC  II  plus  Sea  Beam  bathymetry  off  Point 
Arguello.  CA  (Fig  7).  Arrow*  indicate  the  flow  channel*  clearly  wn  m  the  sidescan  image.  The  continir  interval  i*  50  m.  the 
heavy  line*  are  .Sea  Beam  data,  and  the  dotted  line*  are  SeaMARC  I!  bathymetry.  No  attempt  wax  made  to  avoid  the  airgun 
interference  seen  in  the  sidescan  record,  a*  it  occurred  only  in  shallow  water 


and  of  avoiding  mutual  acoustic  interferences  between  the  two 
systems  using  a  sound  source  synchronization  scheme.  Joint 
operation  of  these  systems  without  synchronization  resulted 
in  marked  interferences  in  the  SeaMARC  II  sidescan  image. 
During  most  of  the  survey  a  single-channel  seismic  system 
was  deployed  along  with  the  SeaMARC  II  system,  and  al¬ 
though  no  attempt  was  made  to  avoid  interferences  from  air- 
gun  sources,  the  sidescan  records  were  only  affected  in  shal¬ 
low  water  (^500  m). 

Towing  the  SeaMARC  II  vehicle  requires  a  2-3-kn  reduc¬ 
tion  in  the  ship’s  speed  from  the  usual  1 1- 12  kn  attained  dur¬ 
ing  standard  Sea  Beam  bathymetric  surveys  on  the  Thomas 
Washington.  However,  the  slower  ship’s  speed  compensates 
somewhat  for  the  decreased  transmission  cycle  (hence  the 
data  density  along-track)  imposed  on  the  Sea  Beam  system 
during  joint  operations.  Second  generation  commercial  multi¬ 
beam  echo-sounders,  with  swath  widths  of  twice  the  water 
depth  or  more,  will  not  be  affected  as  much  by  this  decrease 
in  the  data  density  along-track  because  their  timing  will  be 
closer  to  that  of  the  SeaMARC  II  system.  Also,  where  a  5- 
m  pixel  resolution  in  the  sidescan  image  is  adequate  for  the 
goals  of  the  survey,  being  ahle  to  tow  at  up  to  9  kn  offers  a 
significant  advantage  (by  more  than  a  factor  of  four)  in  track 
coverage  per  unit  time  over  previous  dual  Sea  Beam-sidescan 
deployments  with  instruments  towed  near  the  bottom  at  less 
than  2  kn  (e.g,,  Sea  Beam 4- Deep  Tow,  Sea  Beam -F  SeaMARC 
I,  Sea  Beam  -F  SAR). 

The  co-registered,  high-resolution  bathymetry  provided  by 
the  multibeam  echo-sounder  in  the  center  of  the  wider  side¬ 
scan  image  and  bathymetry  swaths  output  by  the  SeaMARC  II 


system  yields  more  information  for  gcomorphology  than  ei¬ 
ther  data  set  taken  individually.  It  also  helps  resolve  navigation 
uncertainties  in  each  data  set  and  permits  wide  track  spacings 
(up  to  10  km  in  our  case)  while  retaining  100%  quantita¬ 
tive  coverage  of  the  seafloor.  Second  generation  SeaMARC 
II  systems  currently  under  development  promise  an  increase 
in  the  swath  width  to  30  km.  If  these  systems  were  operated  in 
conjunction  with  second  generation  mullibeam  echo-sounders 
according  to  the  scheme  described  here,  seafloor  gravity  sur¬ 
veys  for  which  track  spacings  often  exceed  30  km  could  be 
supplemented  with  almost  complete  bathymetric  coverage. 
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Seafloor  and  sea  surface  gravity  measurements  are  used  to  model  the  internal  density  structure  of 
Axial  Volcano.  Seafloor  measurements  made  at  53  sites  within  and  adjacent  to  the  Axial  Volcano 
summit  caldera  provide  constraints  on  the  fine-scale  density  structure.  Shipboard  gravity  measure¬ 
ments  made  along  540  km  of  track  line  above  Axial  Volcano  and  adjacent  portions  of  the  Juan  dc 
Fuca  ridge  provide  constraints  on  the  density  over  a  broader  region  and  on  the  isostatic  compensa¬ 
tion.  The  seafloor  gravity  anomalies  give  an  average  density  of  2.7  g  cm'3  for  the  uppermost  por¬ 
tion  of  Axial  Volcano.  The  sea  surface  gravity  anomalies  yield  a  local  compensation  parameter  of 
23%,  significantly  less  than  expected  for  a  volcanic  edifice  built  on  zero  age  lithosphere.  Three- 
dimensional  ideal  body  models  of  the  seafloor  gravity  measurements  suggest  that  low-density 
material,  with  a  density  contrast  of  at  least  0.15  g  cm'3,  may  be  located  underneath  the  summit  cal¬ 
dera.  The  data  are  consistent  with  low-density  material  at  shallow  depths  near  the  southern  portion 
of  the  caldera,  dipping  downward  to  the  north.  The  correlation  of  shallow  low-density  material  and 
surface  expressions  of  recent  volcanic  activity  (fresh  lavas  and  high-temperature  hydrothermal 
venting)  suggests  a  zone  of  highly  porous  crust.  Seminorm  minimization  modeling  of  the  surface 
gravity  measurements  also  suggest  a  low-density  region  under  the  central  portion  of  Axial  Volcano. 
The  presence  of  low-density  material  beneath  Axial  caldera  suggests  a  partially  molten  magma 
chamber  at  depth. 
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Very  Low  Frequency  Coherency  Studies 
Spahr  C.  Webb 


Introduction . 

This  was  a  very  small  proposal  to  construct  one  instrument  and  to  use  this  instrument 
in  conjunction  with  an  existing  instrument  to  study  the  coherence  of  pressure  fluctuations 
measured  at  the  deep  seafloor  as  a  function  of  frequency  and  the  distance  separating  the  in¬ 
struments. 

Background 

A  series  of  measurements  at  several  sites  on  the  Pacific  sea  floor  of  the  spectrum  of 
pressure  fluctuations  has  revealed  some  universality  in  the  shape  of  the  spectrum  at  fre¬ 
quencies  below  1  Hz.  The  prominent  microseism  peak  near  .2  Hz  is  now  known  to  be  as¬ 
sociated  with  seismo-acoustic  waves  created  by  an  interaction  of  surface  gravity  waves 
through  the  nonlinearity  of  the  surface  gravity  wave  governing  equations.  Energy  at  very 
low  frequency  is  associated  with  infragravity  waves  and  an  absence  of  sources  in  an  inter¬ 
mediate  band  leads  to  very  low  signal  levels  in  the  “noise  notch”  between  0.03  and  0.1  Hz 
in  deep  water. 

Measurements  of  the  spectrum  provide  little  information  about  the  wavenumber  con¬ 
tent  of  the  pressure  field  associated  with  microseisms.  There  may  be  energy  both  on  the  dis¬ 
persion  curves  of  the  modes  of  the  oceanic  waveguide  and  off  the  dispersion  curves 
associated  with  local  forcing.  The  energy  distribution  as  a  function  of  angle  on  the  disper¬ 
sion  curves  indentifies  source  regions  and  can  provide  constraints  of  the  effect  of  scattering 
on  the  propagation  of  low  frequency  modes  within  the  oceanic  waveguide.  A  simple  two 
instrument  experiment  can  not  hope  to  delineate  the  complicated  wavenumber  field  expect¬ 
ed  at  deep  sea  sites,  but  can  provide  a  ground  work  for  experiments  involving  larger  arrays 
of  instruments. 

Work  Accomplished 

An  instrument  was  constructed  with  this  funding  and  has  been  used  on  perhaps  nine 
cruises  since  its  construction.  The  project,  as  intended,  laid  the  groundwork  for  much  larger 
experiments  using  arrays  of  instruments  (BASIC,  NACHOS,  PEGASUS,  VENTS  and 
SAMSON)  which  have  begun  to  delineate  the  wavenumber  structure  of  low  frequency 
pressure  fluctuations  in  the  deep  sea.  Two  papers  which  discuss  recent  results  are  listed  in 
the  Bibliography. . 
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The  instruments  that  were  developed  and  tested  during  this  project  carried  a  8088  mi¬ 
crocomputer  on  the  C-44  bus  and  recorded  data  on  a  SCSI  device.  This  architecture  has 
now  been  adapted  for  a  fleet  of  36  “ONR  ocean  bottom  seismometers”  developed  to  study 
the  low  frequency  noise  problem.  The  original  instruments  carried  a  small  40  Mbyte  tape 
recorder  and  measured  pressure  fluctuations  using  a  differential  pressure  gauge.  During 
more  recent  experiments,  the  instruments  were  equipped  with  400  Mbyte  optical  disk 
drives,  and  recorded  ground  displacement  detected  using  seismometers  deployed  within  an 
package  external  to  the  recording  system.  The  instruments  have  been  deployed  in  the  Pa¬ 
cific,  the  Atlantic  and  now  in  the  Arctic  beneath  the  polar  ice  cap. 
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Open  Ocean  Surface  Wave  Measurement  Using  Doppler  Sonar 

R.  PlNKEL  AND  J.  A.  SMITH 

Marine  Physical  laboratory ,  Scripps  Institution  of  Oceanography,  University  of  California,  San  Diego,  La  Jolta 

In  October- November  1983,  Doppler  sonars  mounted  on  the  research  platform  Flip  were  used  to 
scatter  75-kHz  sound  from  (he  underside  of  the  see  surface  at  low  angle,  at  well  as  from  (he  interior  of 
the  mined  layer.  Surface  gravity  waves  were  seen  in  velocity  estimates  from  the  surface  scattering  sonar, 
even  though  the  wave  conditions  were  unusually  calm.  Valid  measurements  of  sea  surface  motion  were 
obtained  over  the  range  interval  600  to  1400  m  from  Flip.  A  second  sonar  which  transmitted  horizontally 
and  scattered  from  the  interior  of  the  mixed  layer  also  sensed  surface  waves,  although  with  amplitude 
reduced  in  proportion  to  the  decay  of  the  motions  with  depth.  Wave  number-frequency  spectra  of  the 
observed  motion*  are  consistent  with  linear  theory.  The  existence  (emergence)  of  thia  technology  enable* 
the  synthesis  of  kilometer-long  surface  wave  arrays  in  the  open  sea,  without  the  cost  and  logistical 
support  usually  associated  with  large-aperture  anays.  In  addition,  the  Doppler  acoustic  approach  can 
provide  information  on  lower-frequency  surface  currents  and  on  the  spatial  variations  in  these  low-  # 
frequency  currents,  such  as  Langmuir  cells,  which  might  alTect  wave  propagation. 


1.  Introduction 

In  October  and  November  1983,  a  series  of  mixed  layer  and 
upper  ocean  observations  were  made  from  (he  research  plat¬ 
form  Flip,  in  conjunction  with  the  Mixed  Layer  Dynamics 
Experiment  (MILDEX).  The  experiment  was  centered  at 
34*N,  I27°W,  approximately  500  km  west  of  Point  Con¬ 
ception,  California,  in  water  4  km  deep.  Six  Doppler  sonars 
were  mounted  on  Ftip'i  hull,  with  the  objective  of  remotely 
profiling  the  velocity  field  m  the  mixed  layer  and  upper  ther- 
mocline.  One  of  the  sonars,  mounted  at  a  depth  of  35  m,  had  a 
beam  directed  slightly  up  from  horizontal.  This  beam  traveled 
upward  through  the  mixed  layer  for  600  m  and  then  grazed 
the  underside  of  the  sea  surface  for  a  subsequent  900  m.  A 
second  sonar,  mounted  at  a  right  angle  in  azimuth  to  the  first, 
had  a  horizontal  beam.  The  surface  scattering  was  predomi¬ 
nantly  from  subsurface  bubbles,  while  zooplankton  were  the 
predominant  scatterers  in  the  mixed  layer  interior.  From  the 
Doppler  shift  of  the  return  echo,  the  component  of  velocity 
parallel  to  each  sonar  beam  was  determined.  Averages  of  the 
velocity  over  several  minutes  are  useful  for  seeing  the  current 
patterns  associated  with  Langmuir  cells  and  other  low- 
frequency  mixed  layer  flows  [Smith  et  ai,  1987],  Here  we  show 
that  “single-ping**  profiles,  produced  every  2  s,  are  useful  for 
observing  surface  gravity  waves. 

Surface-scanning  sonars  have  previously  been  used  to  trace 
wave  breaking  and  bubble  cloud  evolution  through  scattering 
intensity  variations  [ Thorpe ,  1986,  and  references  therein]. 
For  winds  greater  than  about  2  m/s,  the  75-kHz  acoustic  re¬ 
turns  described  here  are  also  dominated  by  scattering  from 
near-surface  bubbles,  rather  than  scattering  from  Bragg  reso¬ 
nant  gravity-capillary  waves  [McDaniel  and  Gorman,  1982; 
Thorpe ,  1986].  As  a  consequence,  it  should  be  possible  to  use 
the  sonar  intensity  to  trace  the  density  of  bubbles  in  the  near¬ 
surface  layer  of  water,  as  was  done  in  the  previous  works  of 
Thorpe  [1986]  and  Vagle  and  Farmer  [1986].  In  these  works 
it  was  found  that  intense  bubble  injection  “events’*  accompany 
the  passing  crests  of  breaking  waves,  with  stronger  breaking 
resulting  in  greater  numbers  of  bubbles  injected  to  greater 
depth. 
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While  bubbles  constitute  the  dominant  scattering  source  in 
this  experiment,  Bragg  scattering  (from  surface  gravity¬ 
capillary  waves)  may  contribute  as  well.  A  component  of  the 
fluctuations  in  scattering  strength  in  these  data  is  seen  to 
propagate  at  the  phase  speed  of  the  waves.  Whether  this  is 
related  to  the  modulation  of  short  surface  waves  by  the  swell 
or  is  a  geometric  consequence  of  tilting  of  the  surface  layer  by 
the  waves  is  not  yet  clear.  New  in  this  work  is  the  ability  to 
correlate  the  observed  intensity  fluctuations  with  the  flow 
field,  as  estimated  from  the  Doppler  shift  of  the  same  sonar 
returns. 

Doppler  radar  techniques  have  also  been  used  to  observe 
the  ocean  surface  over  periods  of  time  [eg.  Plant  et  at,  1983]. 
Surface-scattering  radars  and  sonars  differ  in  a  way  which 
may  make  them  complementary.  For  moderate  to  grazing  in¬ 
cident  angles,  radars  scatter  primarily  through  Bragg  reso¬ 
nance  with  short  surface  waves  [e  g,  Valenzuela ,  1978;  McDa¬ 
niel  and  Gorman,  1982],  In  contrast,  as  has  been  mentioned, 
the  75-kHz  sonars  described  here  scatter  primarily  from  near- 
surface  bubbles  [McDaniel  and  Gorman,  1982;  Thorpe ,  1986]. 
Thus  radars  can  provide  information  about  the  short,  modu¬ 
lated  waves  [e.g.,  Plant  et  ai ,  1983],  while  the  sonars  provide 
information  about  bubble  density  and  thus  about  whitecaps 
or  breaking  events  [Thorpe,  1986;  Vagle  and  Farmer ,  1986]. 
Since  the  short  waves  are  strongly  coupled  to  the  wind,  and 
since  bubbles  are  linked  to  breaking  events,  simultaneous 
radar  and  sonar  measurements  could  provide  information 
about  the  energy  input  to  and  output  from  the  surface  wave 
field. 

To  our  knowledge,  Doppler  analysis  of  surface-scattering 
acoustic  returns  has  not  previously  been  done.  In  the  follow¬ 
ing  sections  the  1983  experiment  is  more  fully  described.  Ex¬ 
amples  of  two-  and  three-dimensional  wave  number- 
frequency  spectral  estimates  are  presented.  A  brief  discussion 
of  the  results  concludes  the  work. 

2  Data  Collection 

A  schematic  and  plan  view  of  Flip,  as  configured  for 
MILDEX,  is  shown  in  Figure  1.  Four  downward  looking 
sonars,  as  well  as  the  two  quasi-horizontal  devices  considered 
here,  were  operated  continuously  over  an  18-day  period.  In 
operating  the  six  sonars,  it  is  necessary  to  record  and  process 
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Fig.  I  (lop)  Schematic  and  (bottom)  plan  view  of  Flip  during  the 
data  collection  The  east  sonar  beam  grazed  the  surface:  the  south 
beam  remained  about  35  m  below. 


25,000  numbers  per  second.  To  permit  continuous  operation 
of  the  system,  a  Map  300  array  processor  is  used  to  compute 
statistics  of  the  raw  echo  data  and  to  average  these  statistics 
over  30-s  intervals  On  the  night  of  October  26,  1983*  1  hour 
of  unaveraged  data  from  all  six  sonars  was  recorded  on  tape, 
filling  one  1200-foot  (366  m)  tape  roughly  every  7  min.  This 
was  the  only  segment  of  data  recorded  during  MILDEX 
which  was  capable  of  resolving  surface  gravity  waves.  During 
this  “raw  data”  run,  Flip  was  oriented  with  the  starboard 
sonar  pointing  due  east  (90”)  and  the  port  sonar  pointing  due 
south  (180°).  A  servo-controlled  thruster,  linked  to  the  ship’s 
gyrocompass,  maintained  this  orientation  to  within  ±  5°. 
Henceforth  these  sonars  will  be  referred  to  as  the  east  and 
south  systems.  The  east  sonar  is  the  one  which  grazed  the 
surface.  The  wind  was  steady  at  about  4  to  5  m/s  from  3(TT, 
and  a  12-s  swell  of  about  0.5  amplitude  (I-m  crest  to  trough) 
was  incident  from  the  WNW. 

In  operation,  each  sonar  transmitted  a  sequence  of  four 
tones  every  2.0  s.  Velocity  estimates  were  formed  using  the 
complex  covariance  technique  [Rummler,  1968],  with  the  co- 
variance  evaluated  at  a  lag  of  2.0  ms.  The  velocities  shown 
here  in  Figures  2  and  3  and  in  Plates  1  and  2  are  from  covari¬ 
ance  averages  formed  over  the  four  tones  and  nine  consecutive 
samples  in  range,  corresponding  to  a  net  offset  in  range  of  13.5 
m  per  estimate.  (Plates  1  and  2  can  be  found  in  the  separate 
color  section  in  this  issue.)  The  duration  of  each  tone  (30  ms) 
corresponds  to  range  averaging  over  22.5  m  for  each  sample. 
With  nine-sample  averages,  the  half-power  points  remain  22.5 
m  apart  in  range. 

The  “Cramer- Rao”  lower  bound  for  the  rms  error  in  the 
velocity  estimate,  SV^,  is  given  by 

SVtfmSR  JV1'1  c2/8«/0 

where  SR  is  the  range  resolution,  e  is  the  speed  of  sound,/0  is 


the  sonar  carrier  frequency,  and  N  is  the  number  of  pubes 
incoherently  averaged  in  forming  the  velocity  estimate 
[ Theriault ,  1986].  Here  it  is  assumed  that  the  signal  to  noise 
ratio  is  very  large  and  that  the  echo  autocovariance  is 
averaged  in  time  for  a  duration  equal  to  the  transmitted  pulse 
length. 

For  the  present  system,  this  theoretical  bound  is  2.7  cm/s. 
However,  the  autocovariance  values  used  m  this  work  have 
been  averaged  over  only  one  half  pulse  length  This  should 
increase  the  noise  bound  somewhat 

An  empirical  estimate  of  measurement  precision  can  be  ob¬ 
tained  from  inspection  of  the  power  spectrum  of  the  measured 
velocities.  Using  spectral  values  at  the  highest  frequencies  to 
estimate  a  “white  noise”  level,  a  9-cm/s  rms  error  is  suggested. 
This  estimate  includes  any  real  velocity  variance  within  the 
range  bins.  For  the  I2*s  waves  of  0.5-m  amplitude  seen  here, 
the  steepness  is  about  1/70,  Averaging  over  phase,  the  rms 
velocity  gradient  is  then  about  1/200  s"  *.  Within  an  individ¬ 
ual  range  cell  the  actual  velocity  variability  is  of  the  order  of  5 
cm/s.  This  geophysical  variability  can  plausibly  account  for 
the  difference  between  the  lower  bound  and  empirical  error 
estimates. 

The  horizontal  width  of  the  acoustic  beams  is  about  2.2'’,  to 
the  half-power  points.  At  a  typical  range  of  1  km,  the  surface 
footprint  of  each  velocity  estimate  on  the  east  sonar  is  22.5  m 
(range)  by  40  m  (across  beam).  For  the  south  beam,  the  verti¬ 
cal  spread  of  0.44”  also  enters,  yielding  a  sample  volume  at 
$00-m  range  of  about  22.5  x  20  m  horizontally  by  4  m  verti¬ 
cally,  centered  somewhere  between  25*  and  45-m  depth  de¬ 
pending  on  the  instantaneous  tilt  of  Fiip, 

In  general,  surface  scattering  may  arise  from  either  gravity¬ 
capillary  waves  at  the  surface  or  bubbles  just  below.  1  he 
75-kHz  sound  used  here  scatters  resonantly  from  bubbles  of 
about  40-jim  radius  near  the  surface.  This  is  near  the  observed 
peak  in  bubble  size  spectra  [Johnson  and  Cooke ,  1979],  in 
typical  conditions,  the  subsurface  bubble  cloud  is  the  domi¬ 
nant  scatterer  [McDaniels  and  Gorman ,  1982;  Thorpe ,  1986]. 
The  bubble  cloud  has  been  observed  to  decrease  roughly  ex¬ 
ponentially  with  depth  [ Thorpe ,  1986],  The  depth  scale  of  the 
decay  increases  slightly  with  wind  strength,  from  about  0.4  m 
for  4-m/s  winds  (at  10  m)  to  about  0.7  m  for  10-m/s  winds.  For 
given  wind  conditions,  this  depth  scale  remains  quite  constant, 
although  the  absolute  intensity  at  a  specific  depth  can  vary  by 
2  orders  of  magnitude  [ Thorpe ,  1986].  The  depth  scale  of  the 
“surface  measurements”  shown  here  is  taken  to  be  about  0.4  m 
below  the  instantaneous  surface.  In  this  experiment,  the 
surface- back  scattered  (east)  intensity  is  observed  to  be  about 
35  to  40  dB  greater  than  the  nonsurface  (south)  intensity  at 
the  greatest  ranges.  Thus  although  the  farthest  south  ranges 
are  lost  to  noise,  the  east  sonar  signal  remains  quite  strong 
over  the  full  1400  m. 

Sheltering  of  distant  wave  crests  by  the  nearer  troughs  can 
occur  for  the  surface-grazing  beam.  However,  it  is  probably 
not  a  significant  factor  in  these  calm  weather  measurements. 
At  the  farthest  range,  1400  m,  the  upward  angle  to  the  surface 
from  35-m  depth  is  about  1/40.  Again,  the  maximum  slope  of 
the  dominant  12-s  swell  observed  is  about  1/70.  Thus  the  rms 
slope  is  just  slightly  over  half  the  minimum  slope  of  the  beam. 
Sheltering  must  be  infrequent. 

The  passage  of  the  wave  crests  causes  Fiip  to  oscillate.  The 
horizontal  motion  of  the  attached  sonars  appears  as  a  range 
independent  velocity  fluctuation.  This  range  independent 
signal  has  been  removed  in  the  subsequent  analysis  to  facili- 
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Fig.  2  An  I  l-min  record  of  velocity  data  from  Ihe  east  sonar.  Surface  return  dominate?  from  about  600  m  to  1400  m 
Note  the  wavelike  disturbances  propagating  away  from  Fhp  The  individual  “stripes"  correspond  to  peaks  (white)  and 
trough*  (black)  of  the  waves  as  they  propagate  away  from  Flip.  The  broader  “bands"  of  higher-intensity  fluctuations 
correspond  to  groups  of  waves  The  group  velocity  (represented  by  the  slope  of  these  bands)  is  about  half  the  phase 
velocity  (the  slope  of  individual  stripes)  See  Plate  1 


tale  observation  of  the  waves.  The  range  independent  response 
is  roughly  equal  in  the  two  beams 
Surface  gravtty  wave  propagation  is  evident  in  the  data 
from  both  sonars  (Figures  2  and  3;  Plates  I  and  2)  The  domi¬ 
nant  wave  frequency  is  12  s  The  observed  crest  to  trough 
fluctuation  in  orbital  velocity  is  of  the  order  of  60  cm/s,  corre¬ 
sponding  to  a  wave  of  0.5-m  amplitude 
Swell  propagation  also  appears  in  the  surface  back- 
scattering  intensity  signal  of  the  east  sonar,  to  a  small  extent. 
To  bring  this  out,  a  time  average  of  intensity  at  each  range 
can  be  removed.  This  reduces  the  efTects  of  beam  spreading 
and  attenuation  with  range.  Additional  variations  of  intensity 
with  range  due  to  tilting  of  Flip  are  then  reduced  by  subtract¬ 
ing  a  least  squares- fitted  quadratic  curve  from  the  intensity 
versus  range  of  each  ping.  A  sample  of  the  resulting  intensity 
anomaly  field  is  shown  in  Figure  4  and  Plate  3.  (Plate  3  can  be 
found  in  the  separate  color  section  in  this  issue.)  Clear  signs  of 
fluctuations  in  scattering  strength  which  propagate  at  the 
wave  phase  sffeed  are  seen.  To  further  investigate,  the  cross 


spectrum  <P(k)f •(/«)>  between  the  east  sonar  velocity  and  in¬ 
tensity  anomaly  has  been  calculated  for  various  wave  num¬ 
bers,  averaging  over  the  entire  data  set.  The  associated  coher¬ 
ence  and  phase  estimates  are  presented  in  Table  I.  To  provide 
a  rough  estimate  of  the  effective  degrees  of  freedom,  the  total 
averaging  time  ( —  56. 1  min)  is  divided  by  the  maximum  period 
corresponding  to  each  wave  number  k  (i.e.,  assuming  the 
waves  to  be  going  due  cast)  The  corresponding  standard  devi¬ 
ations  from  ?ero  (68%  confidence  levels)  are  shown  m  the  last 
column  of  Table  1.  The  most  significant  correlations,  for  wave 
numbers  3  (>l  »  285  m)  and  5  (A  =  170  in),  correspond  to  the 
strongest  scattering  located  about  65"  to  70l>  toward  Flip  from 
the  trough,  on  the  rising  face  of  the  waves  (the  face  tilted 
toward  Flip ,  when  viewed  from  below).  This  might  be  an  in¬ 
dication  that  the  scattcrcrs  (eg,  Bragg-resonant  short  surface 
waves)  are  preferentially  enhanced  on  the  forward  faces  of  the 
swell.  Alternatively,  the  effect  might  be  explained  by  simple 
geometric  deformation  of  the  surface  layer  by  the  passing 
swell. 


SOUTH  SONAR 

•30  -20  -10  0  10  20  30 


Fig.  3.  The  same  1 1  min  from  the  south  sonar.  Beyond  about  1  km.  the  signal  strength  dropped  into  noise.  Short  of 
120  m  or  so,  the  data  is  contaminated  by  sidelobe  return.  Note  the  weaker  wave  propagation,  with  a  cross-hatched 
appearance  due  to  both  northward  and  southward  propagating  components.  These  data  have  yet  to  be  corrected  for  the 
exponential  decay  of  wave  velocity  with  depth.  See  Plate  2. 
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EAST  SONAR  INTENSITY 

6  4  -2  0  2  4  6  dB 


Ftg  4.  Intensity  anomaly  versus  range  and  lime,  from  the  east  sonar,  as  for  velocity  in  Figure  2  and  Plate  I.  Note  the 
suggestion  of  fluctuations  moving  away  from  Flip,  especially  at  the  far  ranges.  Surface  returns  dominate  from  roughly  600 
m  to  1400  m  See  Plate  3. 


3.  One-Component  Wave  Numbfr-Frequf.ncy  Spectra 

Wave  number  frequency  spectra  are  presented  here  for  each 
beam  separately.  The  spectral  estimates  are  of  velocity  vari¬ 
ance,  <l/a>  and  <Ka>,  as  a  function  of  both  frequency  and  the 
along-beam  component  of  wave  number.  These  are  formed 
from  26  sequential  data  samples,  each  consisting  of  64  ranges 
by  64  pings  (864  m  by  128  s).  The  total  averaging  time  it 
about  55  min. 

At  any  given  frequency,  waves  incident  on  a  single  beam  at 
some  angle  0  will  produce  a  signal  with  an  along-beam  wave 
number  component  k  cos  0  £  k.  In  addition,  the  sonar  detects 
only  the  component  of  orbital  velocity  parallel  to  the  beam, 
ti  ■■  cos  0.  Thus  for  free  waves  at  a  frequency  w  with  an 
isotropic  directional  distribution,  the  one-beam  wave  number 
spectrum  would  have  sharp  high-wave  number  cutoffs  at  Jlc  * 
±o>l!g  (at  the  dispersive  values).  Within  these  cutoffs,  the  frac¬ 
tion  of  power  detected  is  proportional  to  cos2  0. 

3.1.  £osf  Sonar 

The  east  sonar  grazes  the  surface  from  about  600  m  to  1400 
m.  The  wave  number- frequency  spectrum  (Figure  5)  waa  cal- 


TABLE  1.  Coherence  and  Phase  of  Velocity  and  Intensity  From 
the  East  Sonar 


Cycles 

per 

864  m 

Wavelength, 

m 

Phaae, 

deg 

Coher¬ 

ence 

68% 

Estimate 

1 

864 

12.8345 

00166 

0.0840 

2 

432 

111.3184 

0.0141 

00707 

3 

288 

65.1740 

0.2351 

0.0639 

4 

216 

509758 

0.0848 

0.0594 

5 

173 

71.6068 

0.1646 

0.0562 

6 

144 

Z3.2922 

0.0910 

0.0537 

7 

123 

79.7480 

00900 

0.0517 

8 

108 

74.8335 

0.0777 

0.0500 

9 

96 

83.3032 

0.0685 

00485 

10 

86 

77.7762 

0.0680 

00473 

It 

79 

69  6089 

0.0339 

00462 

12 

72 

84.0478 

0.0226 

0.0452 

Phase  angle  increases  toward  Flip  from  the  wave  trough  (at  0*). 
The  coherence  at  the  68%  significance  level  is  estimated  in  the  right- 
hand  column.  The  68%  level  is  exceeded  for  wavelengths  between  86 
and  288  m. 


culated  from  these  far  ranges,  after  removing  the  range- 
independent  velocity  (the  mean).  Thus,  Figure  5  is  derived 
from  a  double  Fourier  transform  of  Figure  2/Plate  1.  As 
shown,  almost  all  of  the  detected  energy  is  on  the  +k  half, 
corresponding  to  eastward  propagation,  (n  addition,  the 
energy  is  very  strongly  concentrated  near  the  maximum  (dis¬ 
persion)  wave  number,  indicating  that  the  swell  is  oriented  so 
that  propagation  is  very  nearly  straight  down  the  beam  (ie, 
from  the  west). 

The  highest  frequency  wave  activity  evident  in  Figure  5  is 
near  0.15  c/s  (or  6.7-s  period),  at  the  upper  right-hand  corner 
The  corresponding  wavelength  is  about  70  m  (t4  c/km) 
Higher-frequency  activity  is  suppressed  owing  to  the  22  5-m 
range  averaging  acting  on  the  shorter  associated  wavelengths, 

3.2.  South  Sonar 

To  produce  data  from  the  south  sonar  comparable  to  those 
from  the  east,  additional  processing  is  required.  As  Flip  tilts  in 
response  to  the  waves,  the  sonar  beam  moves  vertically 
through  the  existing  shear.  This  introduces  a  spatially  varying 
trend  as  well  as  a  mean  in  the  velocity  data.  This  trend  also 
must  be  removed  from  each  2-s  profile.  A  nonuniform  shear 
(e.g.,  a  thin  shear  layer  at  the  thermoline)  could  introduce 
higher  spatial  harmonics,  correlated  with  the  wave  frequencies, 
as  well.  For  now,  we  neglect  this  potential  problem.  In  future 
experiments,  when  properly  designed  “side  scan"  type  transdu- 


EASt 


Fig  5.  The  frequency-wave  number  spectrum  from  the  east 
sonar.  Each  transverse  line  represents  energy  variations  with  wave 
number  at  a  set  frequency.  The  two  curves  c.  --sing  the  frequency 
lines  give  the  theoretical  dispersion  relation  o>*  Positive  k  (right) 
corresponds  to  eastward  propagation  (away  from  Flip). 
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cers  are  used,  the  eHcct  of  platform  motion  will  be  much  less 
significant. 

Wave  orbital  velocity  decays  exponentially  with  depth.  To 
correct  for  this  decay*  the  wave  number  magnitude  is  esti¬ 
mated  from  the  measured  frequency  using  the  linear  disper¬ 
sion  relation.  A  single  correction  factor  is  then  applied  at  each 
frequency  The  adjusted  frequency-wavenumber  spectrum  for 
the  South  sonar  is  shown  in  Figure  6 
From  examining  the  single-beam  spectra  shown  in  Figures 
2  and  3  and  in  Plalcs  I  and  2,  it  appears  that  the  swell  was 
propagating  more  from  the  west  than  from  the  northwest  The 
"eastward”  side  (positive  wave  numbers)  of  Figure  2/Platc  1  is 
much  more  energetic  than  the  "westward.”  with  a  sharp  culofT 
at  the  wave  number  matching  dispersion.  In  contrast,  the 
"southward”  energy  levels  (positive  wave  numbers)  of  Figure 
3/Plate  2  exceed  the  “northward”  only  slightly.  The  power  in 
the  south  beam  spectrum  tends  to  peak  at  wave  numbers 
smaller  than  the  maximal  value  given  by  linear  dispersion 

4  A  Dirfctional-Frfquency  Spfctrum 
To  demonstrate  the  potential  of  this  observational  system, 
the  three-dimensional  wave  number-frequency  power  spec¬ 
trum  is  estimated  (Figure  7)  No  attempt  is  made  to  "opti¬ 
mise”  the  estimate  using  advanced  signal  processing  tech¬ 
niques.  Rather,  an  extremely  simple  Mills  cross  processing 
scheme  is  used  [Pinkel,  1981],  with  the  objective  of  illustrating 
the  inherent  strengths  and  weaknesses  of  the  approach.  As 
with  the  single-beam  spectra,  these  are  spectra  of  surface  ve¬ 
locity,  not  elevation  Recall  that  a  surface  wave  elevation  spec¬ 
trum  with  an  to"*  frequency  dependence  corresponds  to  a 
velocity  spectrum  with  an  dependence.  For  reference,  the 
peak  spectra!  value  (in  Figure  7e)  limes  the  AwAfcA I  cube 
surrounding  tt,  (2n/64  s)(2n/864  m)J,  corresponds  to  a  velocity 
amplitude  of  5.24  cm/s,  or  an  elevation  amplitude  of  12  cm. 
rms. 

The  "Mills  cross  technique”  as  applied  to  data  from  a  pair 
of  orthogonal  sonar  beams,  can  be  summarized  as  follows. 
The  east  and  south  velocity  measurements  are  written  as 

U(x.  0,  0  =  Re  £  1 1  cos  0  <oAkije'"‘m 

*  *  i  <# 

V(Q,  v,  0  =  Re  £  £  £  sin  0  a)Aklme,,,~~t 

tic* 

Here  x  is  the  eastward  coordinate  and  U  the  eastward  velocity 
component,  y  and  V  are  northward,  the  angle  0  is  reckoned 
from  east  (x).  and  Aktm  is  the  amplitude  of  a  surface  wave 
spectral  component  Note  the  cos  0  (or  sin  0 )  response  of  the 


Fig  6  The  frequency- wave  number  spectrum  from  the  south 
sonar  Positive  It  (lo  the  nght)  corresponds  to  southward  propagation 
(away  from  Flip) 


Fig  7  The  three-dimensional  power  spectrum.  S,,*,  estimated 
from  the  sonar  velocity  data  F.ach  surface  represents  the  velocily 
variance  (energy)  as  vertical  displacements  at  each  location  on  the  (k, 
D  plane,  in  ihe  frequency  band  corresponding  lo  periods  of  (o)  7  1  to 
8  0s.  (b)8  0  lo  9  I  s.  |r)9  I  lo  10  7  s.(rf)  10  7  in  12  8  s.  (e)  12.8  lo  Ifi  s. 
and  If)  16  lo  21  s  The  vertical  displacement  between  frequency 
planes  corresponds  to  a  spectral  density  of  885  m4/s  (units  of  velocily 
squared  per  Aw  Ak  A f.  using  radians,  meters,  and  seconds)  The  peak 
value  (in  Figure  le)  is  about  520  m4/s 


sonars  only  the  radial  component  of  velocity  is  detected  by 
Doppler  shift. 

Several  processing  steps  are  required  to  produce  the  spec¬ 
tral  estimate.  First,  the  frequency  transforms  u,  i\  of  the  time 
series  t/,  V ,  at  each  selected  range  along  each  beam  are  taken. 
Here.  64  "range  bins”  have  been  selected  along  each  beam: 
from  135  m  to  999  m  along  the  south  (subsurface)  sonar,  and 
from  540  m  to  1404  m  along  the  east  (surface  scattering) 
sonar.  Time  series  of  1024  points  (34  min)  are  transformed  at 
each  range  bin.  A  64  x  64  element  cross-covariance  matrix, 
CJx,  y )  =  <u(r,  0,  r/j)u*(0,  >\  w)>,  is  formed  for  six  analy¬ 
sis  frequencies,  w  Statistical  stability  is  achieved  through 
averaging  products  from  32  Fourier  frequency  bands  into  the 
covariance  matrix  at  each  analysis  frequency.  Note  that 

CJx,  y)  =*  X  X  s,n  0  co*  0  o)2(AA*)elkx~,r 

k  < 

Fourier  transformation  of  this  cross-covariance  matrix  leads 
directly  to  an  estimate  of  <o2(AA0)  and  hence  of  the  spec¬ 
trum.  However,  this  estimate  of  the  spectrum  will  be  real  only 
if  Cjx ,  y)  -  CM*(-x,  -y).  Such  a  covariance  matrix  occurs 
when  a  true  Mills  cross  array  is  used,  with  the  origin  of  the 
coordinate  system  centered  at  the  intersection  of  the  legs  of 
the  array.  In  the  present  system,  the  two  legs  of  the  array 
never  meet,  and  Fourier  transformation  of  the  spatial  data 
results  in  an  estimate  of  the  wave  number-frequency  spectrum 
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which  is  complex.  The  complex  nature  of  this  spectral  estimate 
is  an  artifact  of  little  importance,  as  can  be  seen  from  the 
following  considerations.  Suppose  the  east  spatial  array  is  cen¬ 
tered  at  point  x  «•  X  rather  than  x  »  0.  The  y  data  are  simi¬ 
larly  centered  at  v  *  Y.  We  now  change  variables,  writing 
x  »  x  -  X,  v  «  y  -  V.  which  yields 

<*, %t v.  0  —  £  JT  sm  0  cos  0 

k  i 

The  digital  Fourier  transform  of  tins  is 


I  I 


I  k., ..  “  ;r*  —  C„ \  x,  v)e  “•*  ‘ M  tlx  tlv 

J  i,  J  it 

-  sin  0  cos  0  <f>2</t/t  *>(’*** T  ur 


I  malls,  the  power  spectral  estimate  of  wave  orbital  velocity  is 


e  o.xo.r 


sin  0  cos  0  AkAIAut 


The  elfcct  of  the  spatial  oHsct  in  the  legs  of  the  array  can  be 
corrected  either  by  multiplying  by  i»n  or  by  noting 
simply  that  the  absolute  value  of  the  output  of  the  two- 
dimensional  Fourier  transform  provides  the  desired  spectral 
estimate. 

Several  aspects  of  this  “simplest  method”  should  be  noted. 
First,  the  sin  0  cos  0  response  function  implies  that  no  esti¬ 
mate  is  available  along  either  axis  (north  or  east).  This  is 
because  only  cross  products  between  beams  are  used.  Ad¬ 
ditional  information  is  contained  in  correlations  along  each 
beam  separately  hut  is  neglected  here.  (In  Figure  7  the  spectral 
estimates  along  each  axis  were  set  to  zero,  and  then  3x3 
smoothing  in  the  (A‘.  /)  planes  was  applied.  This  effectively 
interpolated  the  on-axis  spectral  estimates  from  adjacent 
values.)  Second,  estimates  adiacent  to  each  axis  are  contami¬ 
nated  hy  noise,  due  to  amplification  by  the  l/sin  0  cos  0  factor. 
This  effect  is  noticeable  in  Figure  7a  (the  highest-frequency 
plane):  ridges  appear  near  the  axes  at  higher  wave  numbers 
(though  spread  out  slightly  by  the  3  x  3  smoothing)  Third, 
statistical  sampling  errors  lead  to  artificially  large  correlation 
magnitudes  along  crosses  centered  on  any  large  “true”  power 
estimate  (see,  for  example.  Figure  7e)  For  a  band  average  over 
32  frequencies,  the  magnitude  of  this  effect  is  about  0.18  times 
the  product  of  the  two  amplitudes,  which  is  further  magnified 
by  the  sin  0  cos  0  response  correction.  This  results  in  ridges 
leading  away  from  the  large  amplitude  peaks  in  Figure  7, 
which  flare  up  both  near  the  axes  and  at  high  wave  numbers 
as  either  sin  0  or  cos  0  approaches  zero. 

The  directional-frequency  spectrum  shown  in  Figure  7  is 
consistent  with  the  visual  observations.  The  swell  is  highly 
directional,  from  the  WNW.  While  the  peak  amplitude  in 
Figure  7  appears  m  the  13*  to  16-s  band,  the  mean  period  is 
closer  to  12  s,  owing  to  the  sharp  low-frequency  cutoff  and 
broader  high-frequency  decay  As  frequency  increases,  the 
peaks  in  Figure  7  move  toward  higher  wave  numbers  and  also 
move  closer  to  the  east  axis.  This  last  effect  is  perhaps  an 
artifact  of  the  analysis.  Recall  that  the  south  sonar  data  is 
amplified  to  compensate  for  exponential  decay  with  depth. 
The  higher  the  frequency,  the  noiser  the  resulting  south  sonar 
data  is.  With  finite  statistical  precision,  there  is  a  finite  contri¬ 
bution  to  the  correlation  estimates  near  the  east  axis  from  the 
product  of  amplified  noise  and  the  (genuine)  east  component 
velocities.  These  are  further  amplified  by  the  sin  0  cos  0  cor¬ 
rection.  Thus  the  true  peaks  may  be  further  from  the  east  axis 
than  is  shown  in  Figure  7. 


These  trial  estimates  demonstrate  the  potential  of  surface- 
grazing  Doppler  sonar  for  detecting  directional-frequency 
spectra  of  open  ocean  surface  waves.  Many  of  the  difficulties 
discussed  above  could  be  avoided  by  implementing  two  (or 
more)  surface-grazing  beams.  With  more  sophisticated  analy¬ 
sis  techniques  [c.f.  Uynq  and  Hasnelmam t,  1979;  Lyqre  and 
Krogstad,  1986],  greatly  enchanced  estimates  should  be  possi- 
blc 


5  SUMMARY  AND  DISCUSSION 

During  a  period  of  fairly  gentle  12-s  swell,  a  surface-grazing 
Doppler  sonar  was  used  to  observe  surface  wave  propagation 
along  a  nearly  I  km  path.  The  sonar  sampled  the  motions 
every  2  s.  with  22  5-m  range  resolution.  Propagating  surface 
waves  were  seen  in  the  Doppler  velocity  estimates  and  also,  to 
a  lesser  extent,  in  the  backscattermg  intensity.  The  weak 
maxima  in  scattering  intensity  appeared  to  occur  on  the  for¬ 
ward  faces  of  the  waves. 

Three-dimensional  wave  number-fre,  jency  spectra  were  es¬ 
timated  using  the  Doppler  data.  Wave  motions  were  resolved 
to  periods  as  short  as  7  s  (70-m  wavelength)  in  these  spectra. 
The  influence  of  linear  dispersion  was  clearly  seen.  The  noisi¬ 
ness  of  the  south  sonar,  due  to  the  exponential  decay  with 
depth  of  the  waves,  introduced  some  uncertainty  in  interpret¬ 
ing  the  rather  simple  estimates  produced  here.  Considerable 
improvement  can  presumably  result  by  uxytg  two  (or  more) 
surface-scattering  beams  and  more  sophisticated  analysis  tech¬ 
niques.  Our  intent  here  iOo  point  out  the  existence  and  the 
'  potential  of  this  surface-scanning  acoustic  Doppler  technique 
for  measurement  of  directional  spectra  and  breaking  events. 

An  ideal  sonar  for  this  type  of  work  would  transmit  a  fan- 
shaped  beam,  broad  in  the  vertical  plane  but  narrow  in  azi¬ 
muth.  This  would  illuminate  (ensonify)  the  sea  surface  more 
evenly  than  the  vertically  narrow  beams  used  here  With  fan¬ 
shaped  beams  the  return  intensity  would  be  more  easily  relat¬ 
ed  to  bubble  density.  Also,  platform  motion  would  become  a 
less  significant  problem.  Pitch  and  roll  of  the  transducer 
would  affect  the  output  very  little.  Only  yaw,  variation  in 
azimuth,  would  need  to  be  suppressed.  Thus  surface  wave 
measurement  from  subsurface  moorings  or  from  slowly 
moving  ships  becomes  a  possibility  Intensity  variations  can 
also  be  used  to  observe  breaking  events  and  the  subsequent 
decay  of  the  resulting  bubble  cloud  [ Thorpe ,  1986;  Vaqle  and 
Farmer ,  1986],  providing  a  useful  supplement  to  the  surface 
wave  directional  information  The  prospecUof  being  able  to 
measure  surface  wave  propagation  continuously  for  distances 
greater  than  a  kilometer,  to  sense  the  surface  currents  which 
interact  with  the  wave  field,  and  to  get  a  measure  of  breaking 
activity  (bubble  formation)  using  a  single  instrument  en¬ 
courages  further  study  and  development. 
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Long-Period  Acoustic  and  Seismic  Measurements 
and  Ocean  Floor  Currents 

SPA  HR  C.  WEBB 
( invited  Paper) 


Abstract  Pff^urf  fluctuation'  rmivd  by  •  Mrnng  ocean  flour  current 
•re  evident  during  muM  <>C  an  elghl)-da>-lnng  record  of  very  low. 
frequency  acoitMic  ambient  noiw  meatnred  b)  an  instrument  on  the 
seafloor  in  the  western  Atlantic.  The  differential  pressure  gauge*  on  the 
Instrument  produce  useful  measurements  over  a  wide  frequency  band 
extending  from  0.0005  to  16  lb.  I  he  spectrum  of  current-induced 
pressure  fluctuations  Is  red  with  a  power  law  dependence  on  frequency 
with  an  eiponeni  of  1.5.  I  urhulence  In  the  ocean  floor  houndarv  lajer 
Is  the  source  of  these  pressure  fluctuations  rather  than  the  effects  of  flow 
•round  the  transducers.  Ibis  record  of  ltoitndar>4a>er  pressure  fluctua¬ 
tions  Is  used  to  predhf  the  effect  of  seafloor  currents  on  long-period 
seismograph  measurements  from  the  seatlour  and  from  under  the 
seafloor  In  hnreholes. 

i.  iNfunlMTlinN 

HE  FOCUS  of  this  paper  is  the  problem  of  measuring 
very  low-frequency  seismic  and  acoustic  signals  on  the 
deep  seafloor  in  the  presence  of  deep  ocean  currents.  A  recent 
resurgence  of  interest  in  measurements  at  frequencies  below 
1  Hz  hits  lead  to  the  first  deployments  on  the  seafloor  of 
coherent  arrays  of  seismometers  and  pressure  transducers  (!]- 
(3),  and  we  may  soon  see  the  first  new  deployments  of  long- 
period  seismometers  on  the  deep  .seafloor  after  nearly  20  years 
(4|.  Ocean  floor  currents  must  he  considered  in  the  site 
selection  for  these  experiments. 

In  this  paper,  only  measurements  from  instruments  de¬ 
ployed  directly  on  the  seafloor  or  deployed  into  boreholes 
below  the  seafloor  are  considered.  Acoustic  wavelengths  at 
frequencies  below  1  Hz  are  too  long  for  efficient  trapping  of 
acoustic  waves  within  the  sound  channel,  so  mid-water 
column  measurements  arc  not  required.  While  interface  waves 
may  interfere  with  seafloor  acoustic  measurements,  these 
deployments  are  logistically  much  simpler  than  mid-water 
measurements  which  may  require  a  freely  drifting  instrument 
to  avoid  the  problem  of  cable  strum  [5). 

Pressure  fluctuations  in  the  band  from  about  0.0005  to 
32  Hz  can  now  be  measured  using  differential  pressure  gauges 
(61 .  These  gauges  were  developed  during  several  experiments 
sited  in  the  eastern  Pacific  (7|,  |8|.  Those  measurements 
demonstrated  that  most  data  collected  previously  with  conven¬ 
tional  hydrophones  had  been  badly  contaminated  by  noise  of 

Manuvnpt  received  January  27.  1988;  revi«d  July  25,  1988.  Thu  work 
wa«  supported  in  pan  by  ONR  under  Contract  no  N000I4-85-C-000I  and  by 
a  WHO!  pmtdnctnral  fellowship. 

The  author  is  with  the  Marine  Physical  Laboratory  of  the  Scripps  Institution 
of  Oceanography,  University  of  California,  San  Diego.  Iji  Jolla.  CA  92093. 

JEFF.  Log  Number  8823798 


HERTZ 

Fig  l.  The  spectrum  of  pressure  fluctuations  m  the  band  from  0  002  to  2 
Hz.  measured  at  three  sites  in  (be  eastern  Pacific 

electronic  origin  at  all  frequencies  below  about  0.3  Hz  (91- 
Estimates  of  the  pressure  spectrum  from  several  deep  sites  in 
the  eastern  Pacific  are  remarkably  similar  in  appearance  (Fig. 
1).  The  spectrum  rises  toward  lower  frequency  into  the  well- 
known  microseism  peak  between  0.1  and  0.5  Hz.  The 
spectrum  then  falls  abruptly  40  to  60  dB  at  slightly  lower 
frequencies  into  what  has  been  termed  the  “noise  notch.*’ 
Below  the  noise  notch  the  spectrum  of  pressure  fluctuations 
rises  sharply  again,  as  the  direct  pressure  signal  associated 
with  long  waves  on  the  surface  of  the  ocean  reaches  the  deep 
seafloor.  At  still  lower  frequencies,  the  spectrum  continues  to 
rise  slowly  except  for  sharp  peaks  associated  with  the  tides 
(10]. 

The  spectrum  of  the  displacement  of  the  seafloor  is  quite 


0364-9059/88/1000-0263501 .00  0  1988  IEEE 


93 


264 


IEEE  JOURNAL  OF  OCEANIC  ENGINEERING.  VOL  IV  NO  4.  OCTOBER  HM 


similar  across  this  entire  hand  although  the  noise  notch  is 
probably  not  as  deep  [111.  Both  long-period  pressure  and 
seismometer  spectra  can  look  very  different  in  shallow 
(continental  shelf)  regions  (121,  but  not  always  [131;  however, 

1  will  not  discuss  that  very  different  regime  here. 

An  eighty-day  time  scries  of  pressure  fluctuations  in  a 
frequency  band  from  0.005  to  8  Hr.  was  obtained  during  the 
Fall  of  1985  from  the  deep  seafloor  in  the  western  Atlantic. 
The  site  of  this  experiment  was  chosen  to  address  a  single 
problem:  Do  deep  ocean  currents  limit  seafloor  acoustic 
measurements  at  very  low  frequencies?  Of  particular  interest 
was  whether  the  noise  level  in  the  “noise  notch”  was  set  by 
flow  noise  or  by  some  other  process.  Strasbcrg  |14|,  1 1 5 1 
provides  an  excellent  theoretical  discussion  of  how  ocean 
currents  may  influence  seafloor  acoustic  measurements.  I  have 
found  no  relevant  published  measurements.  Flow  noise 
problems  at  frequencies  above  I  Hz  are  mostly  caused  by  the 
stnir  iming  of  cables  and  other  noise  associated  with  the  flow 
around  the  transducers.  At  lower  frequencies  the  mechanism 
of  current-related  noise  is  different.  The  flow  velocity  is 
reduced  near  the  seafloor  where  the  measurements  are  made, 
so  the  disturbances  around  the  transducers  are  small.  The 
pressure  fluctuations  associated  with  turbulent  eddies  in  the 
ocean  floor  boundary  layer  do  not  diminish  toward  the 
seafloor,  and  so  arc  larger  than  the  disturbances  associated 
with  the  flow  around  the  transducers  when  the  transducers  are 
mounted  close  to  the  seafloor.  This  paper  ends  with  a 
discussion  of  the  problems  associated  with  seismometers 
exposed  to  these  bottom  currents  and  the  advantages  of 
deploying  a  seismometer  in  a  borehole. 

II.  HEBBLE  ano  the  Seafloor  Measurements 

Photographs  from  large  regions  of  the  deep  seafloor  show 
furrows  and  ripples  in  the  sediments  clearly  associated  with 
strong  currents.  A  compilation  of  these  photographs  suggests 
that  strong  seafloor  currents  may  frequently  occur  along  the 
western  edges  of  all  the  ocean  basins  and  under  the  Antarctic 
circumpolar  current  (16).  Broad  regions  of  the  shelves  also 
experience  strong  currents. 

A  small  patch  of  the  Nova  Scotia  Rise  has  been  the  site  of  a 
multiyear,  multidisciplinary  experiment  designed  to  study  the 
effects  of  bottom  currents  on  the  geology  and  biology  of  the 
area.  The  experiment  was  given  the  acronym  HEBBLE  for 
High  Energy  Benthic  Boundary  Layer  Experiment.  This 
experiment  is  described  in  a  special  volume  of  Marine 
Geology  117]. 

A  long-term  deployment  of  several  bottom  lander  ripods 
during  the  Fall  and  Winter  of  1985/86  provided  an  opportunity 
to  obtain  measurements  of  the  effect  of  currents  on  pressure 
measurements.  A  differential  pressure  gauge  was  placed  on 
each  of  the  three  corners  of  a  HEBBLE  tripod.  The  tripod 
stands  6  m  high  and  is  3  m  along  a  side  at  the  base.  The 
transducers  are  30  cm  long  and  20  cm  in  diameter  and  were 
mounted  0.9  m  off  the  seafloor  inside  of  fiber-filled  cylindrical 
plastic  cases  of  slightly  larger  dimensions  (25  cm  diameter  x 
40  cm  height).  These  cases  served  to  reduce  the  direct  effect  of 
flow  on  the  sensors  and  to  slow  temperature  fluctuations  near 
the  sensors  (Fig.  2). 


Fig.  2.  The  differenhil  pressure  gauges  deployed  in  the  three  comers  of  a 
HFBBI.E  tripod.  The  base  below  the  transducers  detaches  for  recovery 
Two  acoustic  releases  and  a  small  camera  were  mounted  near  the  top  of  the 
tripod.  The  recorder  and  analog  electronic*  are  housed  in  the  12'  O.D. 
pressure  case  hung  from  the  upper  platform  of  the  tripod. 

This  tripod  was  deployed  in  4817  m  of  water  at  the 
HEBBLE  site  on  the  Nova  Scotia  Rise  (40*21.57'  N,  62* 
21.57'  W)  on  September  21,  1985,  and  was  recovered  in 
April,  1986.  A  small  cartridge  tape  drive  was  used  to  record 
eighty-three  days  of  data  starting  on  September  22.  1985,  and 
ending  December  14,  1985.  The  battery  and  tape  capacity 
limited  the  length  of  the  record.  The  recording  schedule  was 
set  so  that  six  contiguous,  one-hour-long  records  sampled  at 
1  Hz  and  one,  225-second-long  record  sampled  at  16  Hz  were 
collected  each  day.  No  data  was  saved  during  the  remainder  of 
the  day. 

Dr.  A.  J.  Williams  of  the  Woods  Hole  Oceanographic 
Institution  (WHOI)  deployed  several  other  tripods  within  100 
m  of  the  site.  Three  components  of  current  velocity  were 
measured  by  BASS  (Benthic  Acoustic  Stress  Sensor)  sensors 
mounted  on  a  nearby  tripod  at  six  heights  from  !  to  5  in.  These 
sensors  are  small  baseline  acoustic  time-of-flight  flow  sensors, 
well  suited  for  measurements  of  turbulence.  A  record  of  the 
mean  current  was  derived  from  15  min  averages  of  the  data 
from  the  sensor  at  5  m.  The  current  varies  on  time  scales  from 
weeks  to  months  (Fig.  3),  characteristic  of  ocean  eddies  [181. 
There  is  also  evidence  of  an  inertial  or  tidal  cycle  with  a  peak- 
to-peak  amplitude  of  about  5  cm/s. 

Estimates  of  the  pressure  spectrum  derived  from  the 
pressure  record  show  clearly  the  effect  of  strong  bottom 
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Fig.  3  The  spectral  density  in  a  band  near  0  027  Hr  versus  lime  in  day*  (top 
graph)  The  mean  current  at  5  m  ( 1 5  mm  averages,  from  an  adjacent  tripod) 
versus  lime  in  days  (bottom  graph) 

currents  on  the  pressure  fluctuations  measured  at  the  seafloor 
Fig.  4  displays  two  spectra,  one  obtained  on  a  day  when  the 
mean  current  velocity  (at  5  m)  was  less  than  5  cm/s,  and 
another  on  a  day  with  currents  greater  than  30  cm/s.  The 
spectrum  of  pressure  fluctuations  associated  with  the  current  is 
red,  with  a  power  law  dependence  of  f~ 1  s. 

There  is  an  obvious  relationship  between  the  power  in  the 
pressure  spectrum  in  a  fixed  frequency  band  (near  0  027  Hz) 
and  the  current  record  (Fig.  3).  The  record  of  pressure 
fluctuations  in  this  diagram  is  incomplete  since  the  data  were 
only  recorded  for  6  hours  per  day  The  pressure  signal  is  much 
larger  during  the  intervals  of  strong  bottom  current.  The 
relationship  between  the  pressure  fluctuations  and  the  current 
is  demonstrated  in  a  scatter  plot  of  the  spectral  density  in  the 
band  near  0.027  Hz  versus  the  current  velocity  (Fig.  5)  The 
scatter  plot  suggests  the  seafloor  pressure  spectrum  varies  as 
the  current  to  the  fourth  power.  The  scatter  in  the  plot  is  an 
indication  of  the  variance  associated  with  an  estimate  of  the 
mean  flow  over  the  finite  averaging  time,  and  other  measures 
of  the  turbulence  display  similar  variance.  In  the  next  section, 
a  model  of  the  turbulent  pressure  fluctuations  under  a 
boundary  layer  shall  be  considered  and  this  theory  compared 
against  these  measurements. 

UK.  Boundary  Layfr  Turbulence 

A  hydrophone,  pressure  transducer,  or  seismometer  when 
placed  in  a  current  will  measure  two  fluctuating  components, 
one  associated  with  turbulent  fluctuations  existing  in  the  ocean 
current  which  are  advected  past  the  sensor,  and  the  other 
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Fig  4  Pressure  spectra  derived  from  two  set*  of  measurements  under 
different  currenl  condition*  (a)  less  than  5  cm/*,  and  (b)  30  cm/*  Four 
model*  of  flow  noi*e  *onrce*  are  al*o  plotted  (c)  the  model  derived  in  thi* 
paper  for  boundary- layer  prc**ure  fluctuation*  (the  line  lia*  a  slope  of 
-1.5).  (d)  Strasberg’s  model  for  boundiry-layer  turbulence,  (e)  an 
e*nmaie  of  the  nm*e  caused  by  flow  around  the  transducer,  and  ( f)  a  second 
spectrum  derived  from  measurements  of  pressure  upstream  of  a  cylinder 
(the  amplitude  is  scaled  arbitrarily) 


101 
cm  /  s 


Fig  5  Scatter  plot  of  the  spectral  density  in  a  band  near  U  027  Hz  versus  the 
mean  current  at  a  5  m  height  A  line  with  a  slope  of  four  is  plotted  on  the 
figure 

component  associated  with  turbulence  generated  by  current 
flow  around  the  sensor  Perhaps  surprisingly,  the  flow  noise 
associated  with  the  flow  around  the  sensors  will  he  .shown  to 
be  of  secondary  importance  when  the  sensors  are  deployed 
close  to  the  seafloor. 
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A  drag  coefficient  of  about  0  001  leads  to  a  value  of  the  corner 
frequency  of  wo  *  80 F  m  0.008  rad/s  at  the  latitude  of  the 
HEBBLE  site.  If  the  drag  coefficient  formulation  is  valid*  the 
comer  frequency  is  independent  of  the  velocity  in  the 
boundary  layer.  A  single  drag  coefficient  is  probably  only 
valid  over  a  narrow  range  of  velocities,  but  this  result  is  a 
useful  first  approximation 

Under  these  assumptions  this  model  for  the  pressure 
fluctuations  at  the  seafloor  from  the  turbulence  in  the  bottom 
boundary  layer  becomes 

Here  Co  =  0.001,  p  =  1000  kg/m3,  (A  is  velocity  at  5  m  in 
m/s,  and /is  frequency  in  Hz.  The  units  of  the  spectrum  Sp 
are  Pa2/Hz.  The  limiting  form  at  high  frequencies  becomes 

s,(/)-.6<u5)y-15. 

Strasberg  [  14]  also  used  Elliot's  data  to  predict  the  pressure 
spectrum  of  turbulence  in  the  ocean  floor  boundary  layer.  He 
suggests 

W)*.5(C/.)”/-17 

which  differs  slightly  from  the  expression  derived  above, 
probably  because  of  a  slightly  different  treatment  of  the 
scaling  problem  for  the  boundary -layer  thickness. 

These  two  models  of  the  pressure  spectrum  arc  plotted  on 
Fig.  4  along  with  two  measurements  of  the  pressure  spectrum 
on  different  days.  The  mean  current  at  5  m  during  the  more 
energetic  day  was  about  30  cm/s  and  the  two  models  were 
evaluated  assuming  this  current.  The  free-stream  velocity 
((/„)  was  probably  a  little  greater  than  this  estimate  from  5  m 
(perhaps  40  cm/s),  so  perhaps  the  Strasberg  model  estimate 
should  be  shifted  upward  by  a  factor  of  about  five.  The  two 
models  fit  the  observed  spectrum  well,  and  there  is  more  than 
enough  room  in  the  uncertainties  of  the  physics  to  explain  the 
differences  observed.  The  relationship  of  the  spectrum  to  the 
velocity  observed  in  Fig.  5  is  clearly  very  close  to  the  power  of 
four  suggested  by  the  theory  presented  here  and  conflicts  with 
the  power  of  5.7  suggested  by  Strasberg. 

The  flow  noise  spectrum  is  obscured  at  frequencies  below 
0.03  Hz  and  in  the  band  between  0. 1  and  3  Hz  by  other  natural 
sources  of  (acoustic)  noise.  We  are  unable  to  o  ;erve  the 
spectrum  near  the  corner  frequency,  and  so  are  unable  to  test 
the  model  to  any  great  extent.  A  spectrum  of  current  velocity 
near  the  seafloor  measured  previously  [  19]  showed  some 
indication  of  a  flattening  of  the  spectrum  near  the  appropriate 
frequency,  The  only  constraint  here  on  the  corner  frequency 
resuits  from  the  constraint  on  the  total  power  in  the  spectrum. 
A  fit  of  the  model  to  the  data  seems  to  fix  the  corner  frequency 
to  within  about  a  factor  of  ten,  assuming  the  model  is  valid. 
Any  effect  of  rotation  on  the  pressure  spectrum,  beyond  the 
constraint  on  the  boundary-layer  thickness,  has  also  been 
ignored  in  this  formulation. 

Both  models  underestimate  the  spectrum  at  frequencies 
above  l  Hz,  but  it  is  likely  that  the  measurements  are 
disturbed  at  these  frequencies  by  the  strumming  of  various 
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parts  of  the  tripod  and  similar  problems.  Some  authors  have 
suggested  that  high-phase  velocity  components  are  associated 
with  turbulence  (251,  (26);  if  this  were  true,  it  would  be 
necessary  to  include  propagation  effects  in  these  calculations, 
however  theory  (27),  |28|  suggests  negligible  sound  produc¬ 
tion  by  turbulence  at  a  low  Mach  number. 

IV  Flow  Noise 

The  HEBBLE  tripod  deployment  was  a  compromise  be¬ 
tween  resources  and  experimental  design;  it  would  have  been 
preferable  to  deploy  the  sensors  much  closer  to  the  bottom. 
Strasberg  provides  an  estimate  of  the  direct  effect  on  pressure 
measurements  of  turbulence  generated  by  the  flow  around  the 
transducer  (flow  noise).  This  model  was  derived  from 
measurements  of  noise  on  microphones  surrounded  by  cylin¬ 
drical  and  spherical  wind  screens; 

S„(f)~lxlO-*(U//D)i'p2U4f  ' 

where  U  is  the  mean  current,  D  is  the  diameter  of  the  wind 
screen,  p  is  the  water  density,  and  /  is  the  frequency.  The 
spectrum  varies  faster  than  velocity  to  the  sixth  power,  so 
small  variations  in  flow  velocity  lead  to  enormous  variations  in 
the  noise.  The  diameter  of  the  transducer  cas*s  is  about  25  cm; 
a  flow  velocity  of  24  cm/s  is  assumed  at  the  transducer  height 
of  less  than  1  m  (U$  *  30  cm/s).  Inserting  these  values  and  the 
density  of  .xawater  into  the  previous  expression,  the  model 
becomes 

$*</)»  2x10  V1 5  (Pa2/Hz). 

This  model  is  also  plotted  on  Fig.  4.  The  model  very  much 
underestimates  the  observed  pressures  at  high  frequencies  and 
suggests  very  large  values  if  extrapolated  toward  lower 
frequencies.  The  predicted  dependence  on  velocity  (power  of 
6.5)  is  not  observed  in  the  ocean  floor  measurements. 

The  range  of  validity  of  this  model  (based  on  the  original 
measurements)  only  extends  down  to  about  0.16  Hz.  A 
cylinder  in  a  steady  flow  sheds  periodic  vortices  at  a  frequency 
given  by 


where  St  •*  0.2  is  the  Strouhal  number.  The  previous 
expression  is  only  valid  at  frequencies  well  above  this  Strouhal 
frequency.  Pressure  and  velocity  signals  measured  near  a 
cylinder  in  a  flow  will  typically  be  very  nearly  harmonic  with  a 
frequency  equal  to  the  Strouhal  frequency.  The  spectra  of 
these  variables  are  usually  very  narrow  band,  although  the 
second  harmonic  may  also  be  present  [29]. 

Measurements  of  the  spectrum  of  the  acoustic  radiation 
upstream  from  a  stationary,  rigid  cylinder  in  a  flew  closely 
resemble  Strasberg’s  model  spectrum  at  frequencies  above  the 
Strouhal  frequency  (30).  This  spectrum  also  varies  with 
velocity  to  roughly  the  sixth  power,  and  with  the  frequency  as 
/~35.  However,  there  is  a  narrow  peak  in  the  spectrum  near 
the  Strouhal  frequency  and  the  spectrum  falls  precipitiously  at 
lower  frequencies.  To  illustrate  this  point,  this  spectrum  is 
sketched  on  Fig.  3.  The  amplitude  of  the  spectrum  is 
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arbitrarily  scaled  so  that  it  "patches’*  into  the  Slrasbcrg 
spectrum  ($*)  at  frequencies  well  above  the  Strouhal  number. 
This  curve  falls  well  below  the  spectrum  of  current  related 
noise  detected  in  the  seafloor  measurements.  Different  parts  of 
the  tripod  will  shed  eddies  of  many  scales,  but  the  pressure 
fluctuations  associated  with  these  eddies  will  mostly  be  limited 
to  frequencies  above  the  various  Strouhal  frequencies.  The 
Strouhal  frequency  of  the  transducer  cases  is  probably  the 
lowest  associated  with  any  structure  in  the  bottom  part  of  the 
tripod. 

These  measurements  and  this  theory  strongly  suggest  that 
the  low-frequency  pressure  fluctuations  arc  caused  by  turbu¬ 
lence  in  the  ocean  floor  boundary  layer  rather  than  to  flow 
noise  as  defined  here.  The  model  spectrum  based  on  bound- 
ary-layer  turbulence  is  a  good  fi-  to  the  pressure  spectrum 
observed  at  the  deep  seafloor  under  a  strong  current.  Some 
renovations  must  remain  because  the  problem  of  predicting 
the  flow  noise  around  the  transducers  and  tripod  is  obviously 
very  difficult.  Although  the  tripod  structure  was  designed  to 
minimize  flow  interference,  a  complicated  effect  must  be 
present. 


V.  Flow  Noise  and  Shsmomf.try 

It  is  appropriate  to  conclude  this  discussion  of  seafloor  noise 
with  a  discussion  of  the  effects  of  ocean  currents  on  long- 
period  seismometer  measurements.  Most  long-period,  terres¬ 
trial  seismic  instruments  are  now  installed  in  boreholes  to 
avoid  the  noise  associated  with  atmospheric  pressure  varia¬ 
tions.  This  noise  component  is  a  result  of  quasi-static 
deformations  of  the  earth  in  response  to  the  surface  pressure 
fluctuations.  The  noise  is  most  severe  on  the  horizontal 
component  seismometers  because  of  tilting  caused  by  the  short 
wavelength  components.  The  tilts  change  the  level  on  these 
components  so  that  the  force  of  gravity  disturbs  the  centering 
of  the  mass  (a  component  of  the  acceleration  of  gravity  is 
rotated  into  each  component).  The  apparent  horizontal  accel¬ 
erations  due  to  this  tilting  are  calculated  separately  from  the 
true  horizontal  accelerations  associated  with  deformation  of 
the  earth.  Fluctuating  forces  on  the  seismometer  associated 
with  the  flow  also  induce  motion  of  the  seismometer.  The 
horizontal  component  of  this  noise  source  also  includes  a 
separate  tilt  component. 

The  pressure  fluctuations  at  the  base  of  the  atmospheric 
boundary  layer  on  a  moderately  windy  day  (7  m/s)  are  of 
similar  amplitude  (*  1  Pa)  to  those  observed  on  the  deep 
seafloor  under  a  30  cm/s  current.  The  frequencies  associated 
with  the  pressure  fluctuations  on  the  seafloor  are  also  similar, 
perhaps  slightly  lower  because  of  a  lower  mean  velocity 
compared  to  the  boundary-layer  depth.  We  should  expect 
boundary -layer  pressure  fluctuations  to  be  as  much  n  problem 
on  the  seafloor  in  regions  with  energetic  currents  as  at  typical 
continental  sites.  The  solution  is  the  same  on  the  seafloor  as 
for  a  terrestrial  site;  the  seismometer  should  be  installed  in  a 
borehole.  Fortunately,  the  typical  scale  lengths  associated  with 
ocean  floor  pressure  fluctuations  are  substantially  shorter  than 
for  the  atmospheric  boundary  layer  because  of  the  much 
slower  mean-flow  velocities.  The  depth  of  burial  required  to 
avoid  the  noise  is  therefore  much  less,  but  the  tilts  are  larger. 


Fortunately,  much  of  the  seafloor  has  weak  bottom  cur¬ 
rents.  The  currents  at  the  deep  seaflrw  of  the  eastern  Pacific 
are  typically  les'.  than  I  cm/s  and  so  a  site  in  this  region  might 
be  expected  to  be  quiet.  Distinct  "noise  notches"  were 
observed  in  the  measurements  of  the  spectrum  from  all  three 
components  of  a  long-period  seismometer  that  was  installed  on 
the  seafloor  off  of  the  northern  California  coast;  this  suggests 
the  absence  of  significant  currents,  although  a  small  tidal  cycle 
was  detected  in  the  noise  on  the  horizontal  components  (4), 

mi. 

Sorrells  [31 1,  [32|  has  looked  at  the  problem  of  seismometer 
noise  generated  by  atmospheric  pressure  fluctuations.  The 
large  eddies  in  the  boundary  layer  are  advccted  by  the  mean 
flow  at  a  speed  slightly  less  than  the  frcc-strcam  velocity,  so 
the  wavenumber  k  associated  with  a  pressure  disturbance  of 
frequency  w  (in  rad/s)  will  be  assumed  to  he  approximately  ( k 
=  i Sorrells’  results  for  the  vertical  ( w )  and  horizontal 
(w)  accelerations  as  a  function  of  depth  associated  with  a 
propagating  pressure  disturbance  of  amplitude  Pat  the  surface 
of  a  half  space  are 

iPUm w  /  02  \ 

“**~2 w"  T2 ~kz )  exp  exp 

(„T  "fli***)  exP(-**)  exP  (i(v>t-kx)). 


The  tilting  of  the  seismometer  adds  more  noise  to  the 
horizontal  components  than  the  directly  generated  horizontal 
accelerations.  The  apparent  acceleration  is  the  tilt  times  the 
acceleration  of  gravity 


u'  »Og» 


ifl  ( 

2p/32  \or2-/32 


exp  ( -  kz)  exp  (/(«/  -  kx)). 


The  induced  accelerations  can  be  large  because  the  shear 
velocity  {0)  of  surflcial  deep  seafloor  sediments  can  be  very 
low  'as  low  as  25  m/s).  In  the  results  discussed  below,  the 
compressional  (a)  and  shear  velocities  are  assumed  to  be  1500 
and  25  m/s,  and  the  density  of  the  sediment  (p)  is  set  to  2000 
kg/ni1.  The  free-stream  velocity  is  assumed  to  be  30  cm/s. 

In  Fig.  6,  these  estimates  of  the  accelerations  caused  by  the 
pressure  fluctuations  in  the  boundary  layer  are  compared  with 
several  estimates  of  the  spectrum  of  seismic  noise  at  continen¬ 
tal  and  oceanic  sites  [33|,  (34).  Only  the  effect  of  tilt  on  the 
horizontal  components  Cw')  and  the  estimate  of  the  vertical 
accelerations  (w)  are  plotted  here.  The  horizontal  accelera¬ 
tions  associated  with  elastic  deformation  (w)  are  very  small 
and  plot  well-off  the  bottom  of  the  graph.  The  pressure 
spectrum  was  derived  from  the  model  developed  earlier  in  this 
paper.  Again,  the  spectra  are  plotted  only  at  frequencies  well 
above  the  corner  frequency,  so  the  slope  of  the  lines  is 
essentially  constant. 

The  flow  generated  accelerations  are  large,  but  a  seismome¬ 
ter  does  not  need  to  be  buried  very  deeply  to  escape  the 
boundary-layer  noise,  since  the  noise  decays  with  depth  as 
e’kt.  At  a  I  s  period  the  wavenumber  is  about  2  m*1;  at  100  s. 
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Fig.  6  Scumic  none  delected  on  verticil  component  vnmnmeteri  from  i 
quiet  continental  <ite  (Queen  Creek,  (29)).  an  ocean  floor  borehole 
seismometer  (MSS),  and  measurements  from  a  noisy  and  a  quiet  seafloor 
site  (30).  Three  model  curves  are  also  plotted  for  noise  induced  by  the 
current  near  the  seafloor.  Lines  labeled  W  and  U‘  correspond  to  the 
vertical  accelerations  and  apparent  horizontal  accelerations  (from  tilting) 
due  to  the  elastic  deformation  of  the  seafloor  caused  by  boundary -layer 
pressure  fluctuations .  The  spectrum  labeled  U*  corresponds  to  the  apparent 
horizontal  accelerations  from  tilting  of  the  seismometer  caused  hy  the  action 
of  fluctuating  currents 

the  wavenumber  is  1/50  m  The  seismometers  must  be 
buried  1  or  2  m  to  avoid  fIow*mduccd  noise  at  1  s,  and  perhaps 
100  m  to  avoid  noise  at  100  s.  Again,  it  is  assumed  in  these 
calculations  that  there  is  negligible  energy  associated  with  the 
turbulence  in  high-phase  velocity  components  (which  might 
couple  into  elastic  waves). 

Other  authors  who  have  discussed  the  problem  of  flow  noise 
on  seafloor  seismic  measurements  have  focused  on  the 
strumming  of  various  elements  of  the  seismometer  packages, 
such  as  the  radio  antennas,  because  the  high-frequency  flow 
noise  seemed  to  be  narrow  band  in  frequency  (35),  [36). 
Removing  or  reducing  the  size  of  antennas  provided  for  quick 
improvement  of  performance  in  regions  with  strong  currents. 
Redesign  of  the  typical  OBS  from  a  tall,  thin  (but  easily 
deployable)  object  into  a  short,  squat,  low-profile  instrument 
was  also  advocated.  Some  present-day  ocean  bottom  instru¬ 
ments  have  the  seismometer  packages  deployed  externally  to 
the  main  body  of  the  instrument  for  these  same  reasons. 

One  can  make  a  simple  estimate  of  how  a  low-profile 
instrument  will  perform  in  a  strong  current  under  ideal 
conditions  to  compare  against  these  other  calculations.  I  will 
assume  a  spherical  OBS  of  radius  a  mounted  on  a  base  of 
radius  b  resting  on  the  seafloor.  The  largest  term  is  again 
associated  with  the  tilting  of  the  instrument.  If  the  force  on  the 
sphere  is  (£,),  the  torque  on  a  moment  arm  of  length  a  must 
balance  the  torque  applied  by  the  force  on  the  footpads  ( Fb ) 
times  the  moment  arm  b.  The  displacement  (A*)  of  each  of  the 
two  footpads  is 


A  z  = 


Fb{  \-v2) 
4  Er 


where  r  is  the  radius  of  a  footpad,  and  E  arid  v  are  the  Young’s 


modulus  and  Poisson’s  ratio  of  the  underlying  half-space  [33  j. 
I  will  assume  the  force  on  the  sphere  is  given  by  a  drag  law 

F'-X/lCpU'A 

where  C  is  a  drag  coefficient  for  a  sphere  of  about  0.4.  A  is  the 
area  of  the  cross  section  of  the  sphere,  p  is  the  density  of  the 
seawater,  and  U  is  the  velocity  of  the  flow.  The  tilt  of  the 
sphere  is  simply  0  =  A z/b,  which  in  this  model  becomes 

icCpU2a'  (I  -  u2)' 

=  bb  E~  ' 


Evaluating  this  expression  for  a  =  0.125,  b  -  0.3,  r  -  0.2, 
£  =  3  x  I0\  and  v  =  0.499,  we  get 


—  *8.5  prad/fti’/s2. 

For  a  current  of  0. 18  m/s  we  expect  a  tilt  of  about  0.27  /irad. 

The  mean  tilt  may  not  be  important;  it  is  the  spectrum  of 
fluctuations  about  this  mean  which  determines  the  noise  on  the 
horizontal  components  of  the  seismometer.  The  force  on  the 
sphere  fluctuates  both  because  of  changes  in  the  flow  velocity 
impinging  on  the  sphere  and  because  of  eddies  spun  off  the 
backside.  The  first  problem  is  treated  here,  since  there  arc 
good  measurements  of  the  fluctuating  component  of  the 
velocity  in  the  ocean  floor  boundary  layer.  If  the  fluctuations 
are  small  compared  to  the  mean  flow,  then  the  spectrum  of  the 
tilt  Sw  is  related  to  the  spectrum  of  the  flow  fluctuations  Su  by 


where  here  0  refers  to  the  mean  tilt  and  £/,  the  mean  velocity. 

Using  the  measurements  of  Gross  et  al,  ( 19)  of  the  spectrum 
of  velocity  fluctuations  1  m  above  the  bottom  in  the  HEBBLE 
area 


the  apparent  horizontal  acceleration  spectrum  is  just  g 2  times 
the  tilt  spectrum.  The  acceleration  spectrum  under  a  0. 18  m/s 
current  (at  0.2  m)  is  then 

V~7xIO~15/-15  (m/s2)2/Hz 

where /is  in  Hz.  This  estimate  is  also  plotted  on  Fig.  6.  This 
source  of  noise  is  comparable  to  the  noise  generated  directly 
through  elastic  deformations  induced  by  the  pressure  fluctua¬ 
tions.  These  results  suggest  that  a  shallow  emplacement  of  a 
seismometer  to  avoid  the  direct  effect  of  flow  around  the 
transducer  will  yield  only  moderate  improvement  in  signal  to 
noise  beyond  that  gained  by  careful  streamlining  of  the 
instrument  package  to  avoid  strumming,  etc.  Shallow-to-deep 
emplacement  (meters  to  I0*s  of  meters)  is  required  to  escape 
the  flow-induced  deformations  of  the  earth. 

VI.  Conclusions 

The  purpose  of  this  paper  was  to  provide  some  measure¬ 
ments  of  flow  noise  useful  for  planning  future  experiments 
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with  long-period  instruments.  These  calculations  provide 
some  warning  that  the  simple  view  of  flow  noise  as  solely 
related  to  the  flow  around  the  transducer  is  incorrect  when 
applied  to  low-frequency  seafloor  measurements.  The  pres¬ 
sure  fluctuations  detected  by  sensors  at  the  seafloor  under  a 
strong  bottom  current  are  instead  well  fit  by  a  model  based 
solely  on  turhulcnce  in  the  ocean  floor  boundary  la>cr. 

There  are  two  comparable  components  to  current-induced 
noise  for  seafloor  seismometer  installations  The  seismometer 
is  moved  and  tilted  by  fluctuating  forces  on  the  exterior  of  the 
seismometer.  This  source  of  noise  can  be  avoided  by  shallow 
emplacement  of  the  seismometer.  The  second  component  is 
the  result  of  deformations  of  the  seafloor  caused  by  large-scale 
eddies  in  the  benthic  boundary  layer.  Deep  burial  is  required 
to  avoid  this  noise  at  low  frequencies,  but  this  source  is 
negligible  at  shallow  depths  at  frequencies  above  a  few  H?. 
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Evaluation  and  Verification  of  Bottom  Acoustic 
Reverberation  Statistics  Predicted  by  the  Point  Scattering 

Model 

D.  Alexandrou  and  C.  de  Moustier 


The  point  scattering  model  offers  a  parameterization  of  the  reverberation  probability  density 
function  (p.d.f.)  in  terms  of  the  average  number  of  scatterers  contributing  to  the  return  and  the  pres¬ 
ence  of  a  coherent  component  in  the  received  process.  Computer  simulations  were  used  to  verify 
model  predictions  and  to  evaluate  their  usefulness  in  the  context  of  seafloor  classification.  As  part 
of  the  verification  study,  the  scatterer  density  was  determined  from  the  kurtosis  of  the  reverberation 
quadrature  p.d.f.  The  influence  of  a  coherent  component  on  the  reverberation  statistics  was  exam¬ 
ined,  yielding  a  better  understanding  of  problems  associated  with  its  experimental  measurement. 
To  evaluate  the  potential  of  this  parameterization  as  an  acoustic  signature  for  seafloor  classification 
purposes,  tests  were  conducted  with  alternative  simulated  scatterer  distributions  exhibiting  a  de¬ 
gree  of  clustering  and  regularity.  Further  tests  were  conducted  with  real  reverberation  data  collect¬ 
ed  by  the  Sea  Beam  sonar  system  in  two  different  seafloor  areas. 
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AI1MKACI 

This  paper  describes  .1  system  designed  and  bull*  at  the  Marine  Phv 
steal  l  aboratory  of  the  Sertpps  Institution  of  Oceanography  to  pro¬ 
duce  acoustic  images  of  the  seafloor  on-line  vulh  a  Sen  Beam  multi- 
beam  echo-sounder  This  system  uses  a  stand  alone  interface 
between  the  Sea  Beam  system  and  a  grey  scale  Imc-sean  recorder 
The  interface  is  htnlt  around  a  Motorola  68000  miernprnt  cssor  jnd 
has  digitizing  capahthiics  It  digitizes  the  detected  echo  signals 
fiom  each  ol  ihr  16  preformed  I  teams  inside  the  Sea  II**  m»  crlm 
processor  as  well  as  the  roll  information  given  bv  the  ships  *ct  heal 
rclcrence  Ihe  acoustic  data  arc  then  roll  compensated  and  com* 
btned  into  a  port  ami  a  surbnard  time  series  These  time  senes  arc 
cvcntuallv  ouiput  m  digital  formal  to  a  line-scan  rcconlcr  which 
produces  the  grey  scale  acoustic  image  Results  arc  discussed  for 
Sea  Beam  acoustic  images  of  the  seafloor  and  of  the  Deep  Stand¬ 
ing  layers 


on  line  acoustic  Hinging  s\ stent  which  would  give  immediate  access 
to  the  data  as  opposed  to  recording  them  on  tape  and  producing 
grey* scale  displays  in  a  post-processing  operation 

to  the  following,  we  describe  this  on-line  Sea  Beam  acoustic 
imaging  system  winch  consists  of  a  “smart"  interface,  built  around  a 
Motorola  68000  microprocessor,  between  the  Sea  Beam  system  and 
a  line  tan  recorder  We  fust  give  an  overview*  of  the  general 
svstem  configuration  with  the  various  peripherals  involved.  we  then 
describe  the  mtu  opr  »k  cssor  umtioHed  mill  that  or  hesitates  the 
acoustic  imaging  scheme,  and  we  presents  some  data  samples 

2  GENERAL  SYSTEM  ARCHITECTURE 

In  tms  section,  we  bncflv  describe  the  general  configuration  of  the 
acoustic  imaging  system  and  us  links  to  the  Sea  Beam  echo- 
sounder 


1  INTRODUCTION 

As  p3M  of  a  program  in  investigate  seafloor  acoustic  hat  ksc  liter 
measured  with  j  Sea  Beam  multibcam  echo  sounder  the  M.innc 
Plnstcjl  I  abnramrv  (MPl  I  of  the  Senpps  Institution  of  Occnnogra 
phv  huilt  a  parallel  acoustic  data  acquisition  system  using  a  |)!T 
LSI  1 1/?^  minicomputer  f  1 .2)  to  preserve  the  echo  signals  received 
by  the  Sea  Beam  system  which  has  no  internal  provisions  to  do  so 
The  Sea  Beam  system  is  primarilv  a  high-resolution  bathymetric 
survev  tool  which  transmits  a  7ms  pulse  of  12  158  kHz  over  a  fan¬ 
shaped  beam  (2  2/3*  fore-aft  by  54*  athwanships)  stabilized  in 
pitch,  and  which  receives  botiom  echoes  on  16  adjacent  preformed 
beams  (each  20*  fore  aft  by  2  2/3*  athwartships)  It  processes  the 
echoes  and  outputs  a  contour  chart  of  a  swath  of  seafloor  with  a 
width  roughly  equal  to  3/4  of  the  water  depth  below  the  ship  For 
detailed  descriptions  of  the  Sea  Beam  system  the  reader  is  referred 
to  the  works  by  Renard  and  Mlenou  (3).  Farr  (4)  and  de  Mousncr 
and  Klemrock  (5) 

While  analyzing  botiom  echo  signals  received  by  the  Sea  Beam  svs¬ 
tem  and  recorded  with  this  parallel  data  acqutstion  system  we 
found  that  in  spite  of  the  multibeam  geometry,  the  equivalent  of  a 
side-scan  sonar  image  of  the  seafloor  could  be  obtained  by  combin¬ 
ing  beams  on  either  side  of  vertical  (6)  Such  ait  acoustic  im.tge  of 
the  seafloor  yields  qualitative  information  about  the  texture  of  the 
bottom  and  complements  the  htgh-resoluicon  bathymetry  nomully 
derived  from  the  Sea  Beam  svstem  Because  this  textural  mfonu.i 
linn  is  .1  potentially  important  due  for  gcommphologicnl  interpret.' 
lions,  it  would  be  very  valuable  to  the  investigator  in  real  lime  dur 
mg  the  course  ol  a  survev  For  this  reason,  we  decided  to  build  an 


As  seen  in  Tigurc  I.  the  major  components  of  the  system  consist  ol 
a  microprocessor-controlled  unit  (stippled  area)  interfaced  to  a  Sea 
Beam  system,  a  set  of  peripherals  including  a  CRT  console  for 
operaior  interactions  and  a  line  scan  recorder  for  data  output,  and  a 
link  to  a  host  processor  for  sollwaie  down-loading  We  use  the 
DFC  LSI* 1 1/73  minicomputct  of  our  acoustic  data  acquisition  svs¬ 
tem  mentioned  above  .is  1  he  host  processor  The  line  scan  recorder 
is  a  4  bn  gre\  sv.de  Ravlhrnn  LSR-IR07M  drv  paper  recorder  with 
digital  input  and  4  khvics  of  mentors 

Three  types  of  signals  arc  taken  from  the  Sea  Beam  system  clock 
signals  for  nine  reference  and  synchronization,  roll  signals  for  verti¬ 
cal  reference  and  acoustic  signals  from  the  16  beams  To  minimize 
interferences  w»th  the  Sea  Beam  system  the  acoustic  signals  and 
the  clock  signals  arc  tapped  by  high-impedance  buffer  amplifiers 
inside  the  Sea  Beam  system,  and  are  transferred  differentially  to  (he 
interface  The  roll  signals  arc  transformer  coupled 

The  microprocessor -controlled  unit  consists  of  3  boards  linked  by  a 
16-bit  data  bus  The  heart  of  the  unn  is  the  processor  board  which 
includes  a  68000  processor.  16  kbvtes  of  EPROM  holding  monitor 
software  and  20  kbytes  of  RAM  for  monitor  management  func¬ 
tions  This  board  also  has  serial  ports  that  are  used  for  RS- 232 
links  to  the  operator’s  console  and  to  ihe  host  processor  The 
second  hoard  is  a  memory  expansion  board  configured  to  hold  up  to 
256  kbytes  of  memory  In  us  current  configuration,  192  kbytes  of 
RAM  arc  installed  on  this  board  Provision  has  been  made  to 
install  up  to  64  kbytes  of  EPROM’s  in  order  to  make  a  completely 
stand  alone  system  The  third  board  15  the  interface  board  which 
services  inputs  from  the  Sea  Beam  system  and  from  the  unit's  front 
panel,  and  outputs  to  the  lnie*$can  recorder  The  unit’s  front  panel 
features  .»  set  of  8  switches  for  operator  micr.ulion  (setting  of  ini¬ 
tial  values  or  modifying  program  constants)  and  a  two-digit  LEI) 
displav  for  performance  monitoring 
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l  ( icnci.il  system  blot*  <11.1^1.1111,  the  suppled  .lie  i  delimits  the  microprocessor  system 


I  lie  processor  bond  .md  the  immimv  pi|Mmi»n  Iv>ikI  .tie  nfT  the- 
shell  mins  .iml  *c  will  nut  diMtr.s  dn  ill  liiillmr  in  this  pipit  I  hi 
the  other  hand,  we  have  configured  the  interface  hoard  specifically* 
for  this  svstem  and  we  shall  describe  n  m  more  details  in  the  fol* 
losing  section 

i  input  ourur iNrurAcr 

As  indicated  in  the  preyiouv  section  the  mam  I  tine  tmn  of  the 
input  output  interface  board  i>  to  service  inputs  from  the  Sea  Beam 
system  and  ihe  unit  s  front  panel  as  well  as  outputs  to  the  recorder 

1‘tgurc  2  illustrates  the  signal  paths  from  the  Sea  Ream  system  to 
the  microprocessor  through  the  imerf  ic«*  At  the  center  of  this 
interface  is  a  data  control  and  timing  turn  winch  gets  us  inputs  Irom 
the  sonar  key  pulse  and  the  Sea  Itaun  system's  12  1^8  kHz  refer¬ 
ence  frequency  The  sonar  kev  pulse  indicates  the  ousel  ol  a 
transmission  evde  in  the  Sea  Beam  system  and  u  screes  here  as  t lie 
tune  zero  reference  The  12  158  kHz  reference  frequency  produced 
h\  the  Sea  Beam  sjstcm  s  transmit  signal  generator  is  led  into  a 
phase  lock  loop  whose  output  is  divided  down  and  used  as  the 
digitizing  clock  on  the  interlace  board  The  roll  signals  come  in 
synchro  formal  (3  phases  12(F  apart  and  400  Hz  reference)  from 
the  ships  vertical  reference  and  ire  fed  to  a  syncltrododigii.il 
(S/Di  converter  The  outputs  of  the  S/T)  converter  arc  held  in  !)- 
type  registers  which  interlace  directly  wuh  the  system  bus  so  that 
the  processor  can  access  the  roll  data  directly  at  a  dedicated 
memory  address  The  16  acoustic  channels  corresponding  to  the  16 
Sea  Beam  preformed  beams  jrc  input  difTercntiallv  into  a  16- 
channcl  analog  multiplexer  whose  common  output  is  held  in  a  sam¬ 
ple  and  hold  amplifier  interfaced  to  a  1 2 -bit  analog  to-digital  (A/D) 
converter  As  mentioned  above  the  A/D  converter  is  clocked  bv  a 
tuning  signal  which  is  an  integer  sub  multiple  of  the  I  2  I S8  kllz 
reference  frequency  The  multiplexer  is  also  synchronously  con 
trolled  to  change  channels  between  each  A/D  digitizing  cycles  In 
the  present  configuration,  the  sampling  rate  is  approximately  5(H) 
Hz  per  channel  The  digitized  data  is  stored  in  a  512-word  Firsi-m 
First-out  (FIFO)  memory  which  is  directly  accessible  ro  the  proces¬ 
sor  through  the  system  bus 

Inputs  from  the  switches  on  the  unit  s  front  panel  are  directed  to 
ihe  system  bus  bv  way  of  bus  drivers  whenever  the  microprocessor 
reads  data  from  the  memory  address  assigned  to  ihe  I  foul  panel 
Likewise,  bus  access  io  ihe  I  I  D  display  on  the  Irom  panel  is  done 
directly  through  D-type  registers  when  the  microprocessor  writes  to 
the  front  panel’s  memory  address 


Outputs  to  the  line  scan  recorder  arc  interrupt  driven  The 
m  Mulct  i\mii‘s  i  time  /no  iiitcHupl  la »  the  pinttssoi  wlmi  iln 
stylus  reaches  ihe  left  hand  edge  ol  the  paper  When  the  processor 
is  ready  to  service  this  interrupt,  it  writes  four  bits  of  data  (a  nib¬ 
ble)  to  a  D-type  register  at  the  address  of  the  recorder  parallel  p<*>ri 
The  microprocessor  sends  40%  such  nibbles  to  this  address  and  a 
separate  circuit  strobes  the  data  into  the  recorder  buffer  Note  that 
this  sequence  of  events  is  specific  to  a  Raytheon  LSR-I8A*M 
recorder,  provisions  have  been  made  on  the  interface  board  to 
accomodate  f*P(  type  rccodcrs  which  interrupt  the  processor  for 
each  transmission  ol  a  4  bit  pixel  in  addition  to  the  aforementioned 
time  zero  interrupt 

liming  <w,t|ituike  f «>r  Data  Ncquisition 

flic  various  input  and  output  operations  outlined  above  .ire 
in  hi  (god  by  the  data  control  and  timing  unit  .mottling  to  a 
prescribed  sequence  lor  data  acquisition  the  dining  diagram 
shown  in  Figure  3  illustrates  the  sequence  ol  events  inking  place 
between  two  sonar  kev  pulses  (time  zero!  during  data  acquisition 
T he  sonar  key  pulse  triggers  a  decrementing  counter  previously 
loaded  with  a  time  delav  proportional  to  the  tune  necessary  for 
sound  to  reach  the  seafloor  jntl  return  to  the  ship  When  a  pro¬ 
gram  is  first  started  this  depth  dependent  lime  delay  imisl  be  set 
from  the  front  panel  switches  according  to  the  current  water  depth 
below  the  ship  From  then  on.  the  program  tracks  the  bottom 
and  updates  the  delav  timer  automatically 

When  the  timer  reaches  zero,  n  starts  the  A/D  and  the  S/D 
conversions  As  mduated  above  the  output  ol  the  \/D  converter 
is  held  in  a  5 12-word  I IFO  memory  Ihe  FIFO  sends  an  interrupt 
to  the  processor  on  the  half-full  flag  (256  words)  and  the  processor 
must  read  data  olT  the  1110  into  memory  in  order  to  clear  the 
interrupt  A/I)  conversions  and  Fll  0  interrupts  continue  until  ihe 
specified  number  ol  samples  has  been  digitized  for  each  channel 
and  stored  into  memory*  foi  the  S/D  data,  the  processor  need 
only  read  the  data  ofT  the  bus  and  interleave  the  roll  samples  into 
memory  with  everv  256-word  interrupt  sequence 

The  next  set  of  operations  includes  data  processing  anti  displays 
The  data  processing  is  mainly  concerned  with  automatic  bottom 
tracking,  roll  compensation  and  formatting  ol  the  digitized  acoustic 
d.tia  lor  display  on  the  grc\ -scale  recorder  We  shall  discuss  this 
processing  nt  more  detail  in  section  4  As  seen  m  the  tuning 
diagram  fligurc  3l  data  processing  must  K*  completed  bet  ore  <  lie 
next  A/I)  conversion  sequence  begins  Ihe  amninii  of  nine  avail 
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figure  '  Tuning  diagram  shoeing  (he  sequence  of  events  happening  between  mo  sonar  transmission  cules 


able  for  processing  is  therefore  dci>en<lcnt  on  the  water  depth  uhu.li 
determines  the  sonar  ke\  pulse  internal  (eg  6  s  in  3000  in  of  water 
depth!  and  on  the  number  of  samples  required  for  each  channel 
(e  g  500  samples  in  3000  m  of  water  depth) 

During  .ill  the  above  operations,  the  recorder  sends  interrupts  to 
the  processor  at  .i  rate  determined  by  the  scan  rate  selected  b\  the 
operator  (typically  1*4  $)  Houcscr  these  recorder  interrupts  arc 
given  a  lower  priority  le\cl  than  the  A/D  interrupts  so  tlui  the  pro¬ 
cessor  does  not  service  them  uhilc  A/I)  interrupts  arc  pending 


4  DATA  PROCESSING 

When  the  required  number  of  samples  of  echo  amplitudes  and  roll 
information  have  been  digitized  and  stored  in  a  data  buffer  tn 
memory,  the  microprocessor  stops  till  digitisation  and  begins  pro¬ 
cessing  the  data,  In  the  current  configuration,  three  main  process¬ 
ing  tasks  arc  performed  bottom  traking  roll  correction  and  dJia 
formatting 

Bottom  tracking  consists  in  finding  the  lust  amplitude  exceeding  a 
given  threshold  m  am  one  ol  the  16  preformed  beams  The  posi¬ 
tion  o(  this  data  point  with  respect  to  the  beginning  ot  llte  data 
bufTcr  gt\es  the  time  clap.ed  stoic  the  onset  ol  the  digitization 
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sequence  to  receive  the  Itrst  bottom  echo  I  he  bottom  tracking 
routine  strives  to  optimize  this  time  mtcrv.il  jiuI  to  constrain  it 
within  a  200  mis  window  by  adjusting  the  time  ticks  l*ctwccn  the 
sonar  key  pulse  and  the  onset  of  digitization  0‘igutc  J).  Because 
noise  spikes  and  interferences  from  other  sound  sources  operating 
simultaneously  with  the  Sea  Beam  system  occasionally  cause  false 
bottom  detection,  bottom  tracking  history  from  previous  transmis- 
Sinn  cycles  is  also  uu hided  in  the  tottipulntioii  id  this  time  tlel.iv 
adjustment 

Flic  first  arrival  lound  hv  the  bottom  tracking  routine  is  then  used 
as  a  time  icfcrcncc  to  compute  a  port  and  a  starboard  time  senes  of 
echo  amplitudes  However,  in  older  to  determine  wlmh  beams 
belong  to  either  port  or  siatboatd  .»  roll  correction  must  he  applied 
The  preformed  (teams  .ire  nominally  spiced  2  ?/'"  apart  and  con 
tried  in  the  ship's  reference  frame  as  shown  in  I  igurc  4  This 
ftgurr  is  an  example  of  bottom  ctlm  amplitudes  ictcivrd  and 
detected  on  the  lb  prrloimcri  Ihmiiis  lot  one  sonar  tiaiiMiussmii 
cycle  I  he  x-ax»s  is  tune  in  seconds  alter  transmission  and  ampli¬ 
tudes  are  displaced  in  volts  and  have  been  corrected  for  acoustic 
transmission  loss  through  the  water  column  bv  a  tune  varying  gain 
in  the  Sea  Ream  echo  processor  hardware  The  digitized  roll  angles 
correspond  to  the  ingle  Ivdwecn  the  ship's  critical  axis  and  true 
vertical  during  echo  reception  As  beams  are  equally  spaced,  these 
roll  angles  can  be  used  to  enter  a  (able  of  beam  offsets  with  respect 
to  vertical  and  the  roll  correction  is  performed  through  a  table 
look-up  Note  that  this  roll  correction  scheme  is  only  a  first 
approximation  winch  is  sufficient  to  produce  a  useable  time  senes 
of  amplitudes  as  a  function  of  slant  range  Tor  a  display  of  aniph 
tudes  as  a  function  of  horizontal  range,  the  roll  correction  needs  to 
take  ra\  bending  effects  into  account 


figure  4  Envelopes  of  bottom  echoes  received  b'  the  16  pre¬ 
formed  beams 


In  the  present  conltgur.ition  the  time  senes  on  both  port  jnd 
M.irilm.ml  in*  I m mod  through  a  pe  ik  detection  pimew  .it  mere 
mental  slant  ranges  from  the  lust  .ivnv.il  these  data  are  then  con¬ 
verted  from  the  l?-bn  format  given  by  the  A/P  conversion  to  a  4 
bit  format  by  table  look-up  This  yields  16  levels  of  grev  to  be 
displayed  on  the  recorder  The  grey-level  conversion  table  can  be 
modified  to  accomodate  overall  differences  tn  signal  amplitude  lev¬ 
els  from  one  Sea  Beam  system  to  another  Although  not  current!* 
implemented,  provisions  have  also  been  made  to  include  a  table 
look-up  correction  fm  angular  depen  lence  of  seafloor  acoustic 
backscatter 

5  RESULTS 

A  Seafloor  Acoustic  Images 

An  example  of  the  acoustic  image  resulting  from  the  above  pto 


cessing  is  shown  m  I  ignic  5  llnv  iimgc  1 1  igurc  w.i\  nmatU 

replayed  from  Sea  Beam  acoustic  d  it  i  remrded  .iboml  the 
R  V  Thiwun  Ihir/wiv/iwi  on  the  I  asi  Pacific  Rise  and  processed  as 
described  in  section  4  The  cross-track  dimension  in  seconds 
corresponds  to  difTercntnl  slant  range  (seconds  from  first  arrival) 
The  along  track  dimension  ol  this  image  is  in  kilometers  and 
matches  that  of  the  corresponding  swath  contour  plot  produced  hv 
the  Sea  IW*  mi  system  (figure  Sh)  I he  ionium  niltrvils  aic  M>  m 
in  the  upper  portion  of  the  swath  (I)  and  20  in  m  the  lower  portion 
(2)  The  acoustic  image  and  the  mummed  swath  complement  eailt 
other  as  the  qualitative  textural  information  seen  m  tin*  image 
would  be  missed  tf  one  onlv  had  the  contours  I  tkcwise.  the  (plan 
illative  hathvmctrv  given  bv  the  contours  could  not  be  mfeired  roll 
ablv  from  the  iiotistu  image  I  he  fact  that  the  Imcation  pin**rn 
seen  in  the  acoustic  Hinge  is  not  obvious  m  the  turnouts  at  die  Id 
m  ot  20  m  contour  intervals  indicates  that  the  corresponding  rebel 
is  lower  than  to  in  Although  hathtmeitv  data  hoot  the  Sea  Re  on 
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svsicn*  tan  be  contoured  at  interval**  ln»ei  dun  10  m.  siuli  con- 
touts  arc  ivpicallv  nms\  am!  arc  ihctcloie  tlrfliculi  10  micrprd 
Nnic  also  ihni  the  trend  of  the  I  meat  urns  seen  in  the  acoustic 
image  is  distorted  by  the  slant  range  representation,  the  actual 
trend  would  appear  at  a  greater  angle  to  the  ship’s  track 

n  Images  of  the  Deep  Scattering  Layers 

A  relatively  simpler  form  of  on  line  Sea  Beam  acoustic  display  con¬ 
sists  in  outputting  the  echo  amplitude  as  a  function  of  time  for 
individual  beams  This  ivpc  of  display  is  useful  as  a  quick  check  of 
ihc  pci  I  or  mam.  c  of  the  ccho*snumlci  part  of  the  Sea  Ream  system 
It  is  also  most  useful  when  tracking  Deep  Scattering  Lavers  C|)*L) 
hi  the  ocean  Figure  6  is  an  example  o!  such  an  on  line  acoustic 
image  of  the  DM  recorded  at  dusk  in  the  tropic .il  Northern  Pacific 
aboard  ihc  R  V  Atlanta  II  llirce  mdisidu.d  beams  arc  represented 
m  this  picture  (port  8.  port  I  and  starboard  7)  corresponding  to 
incidence  angles  of  roughly  ?0\  2*  and  -l  JT  respectively  The  hor¬ 
izontal  axis  spans  approximately  60  nmr  and  the  vertical  lines  arc 
spaced  JO  min  apart  with  the  ship  progressing  at  12  knots  from  left 
to  right  In  this  on-line  display,  spacing  bc'wccn  the  30  mm  tune 
marks  varies  as  a  function  of  the  transmission  repetition  rate  which 
is  determined  bv  the  water  depth  Closer  time  marks  indicate  a 
deeper  bottom  The  vertical  axis  is  slant  range  in  uncorrcctcd 
meters  (1500  m/s)  Dus  slant  range  is  equivalent  to  depth  for  the 
center  beam  (|*»rt  i)  Ihc  pattern  seen  in  all  three  Ihmuis  of  hg- 
urc  6  is  the  well  known  migration  pattern  of  nmlwater  nekton 
towards  the  sea  surface  at  night-fall  (7.8)  On  the  left  side  of  the 
image,  discrete  lasers  converge  upward  to  the  2  It  time  mark  and 
some  of  the  scatterers  seem  to  reassemble  into  discrete  lasers  in 
the  first  1^0  m  towards  the  right  ol  the  image  while  layers  arc  still 
visible  between  400  m  and  600  in 

Compared  with  similar  images  ol  the  DSl  obtained  m  the  past  with 
conventional  widc-be3in  12  kll?  echo  sounders  these  images  olfer 
greater  spatial  resolution  both  along  and  across  ih«»  ship's  track 
Ihc  16  2  2/  C  beams  of  the  Sea  llcaut  system  vivid  lb  simultaneous 
discrete  measurements  where  the  conventional  echo-sounder 
integrates  over  the  same  volume  of  ocean  to  give  one  measure 
ment  Ibis  higher  spatial  resolution  makes  it  possible  to  investigate 
the  patchiness  nf  the  distribution  nf  ihc  12  Ml?  bmlngic.il  scaticrcrs 
in  the  DSL's  and  to  provide  real-time  dues  on  the  literal  extent  of 
a  given  patch  during  irawhng  ope  i  at  urns 

6  CONCLUSIONS 

Hie  on-line  Sea  Ream  acoustic  imaging  svstem  we  have  described 
m  this  paper  allows  investigators  to  extract  moie  information  out  of 
the  echo  signals  received  bv  the  Sea  Beam  system  than  is  available 
in  the  standard  swath  bathymetry  output  We  have  shown  th3t 
acoustic  images  of  the  bottom  or  of  the  DSL’s  can  be  derived  from 
the  echoes  received  on  the  16  preformed  beams  with  a  small 
.minimi  of  hmlw.trc  and  withmii  miertermg  wuh  the  imim.il  bilhy- 
metric  function  of  the  Sea  Beam  system  Ihc  additional  informa¬ 
tion  provided  bv  this  imaging  system  is  a  real-time  complement  te 
the  contoured  bottom  data  and  it  altow-s  the  investigator  to  make 
better  decisions  about  survey  patterns  and  data  quality  while  at  sea 

Puture  improvements  to  this  imaging  system  should  include  a  capa¬ 
bility  to  incorporate  the  bathymetric  information  produced  by  the 
Sea  Beam  echo  processor  into  the  data  processing  software  in  order 
to  perform  slant-range  correction  on  seafloor  acoustic  images  The 
depths  and  cross-track  distances  computed  for  each  transmission 
cycle  could  l»c  input  on  the  microprocessor  bus  through  a  parallel 
|>om  Such  a  data  transmission  scheme  as  already  been  imple¬ 
mented  on  the  microprocessor  as  we  use  it  ns  a  spooling  interlace 
between  our  LSI- 1 1/73  minicomputer  and  the  hncscaii  recorder  for 
post -processing  operations  and  for  plav  backs  from  digitally  tape- 
recorded  data 


hours 
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Chapter  8 

MODULATION  OF  SHORT  WIND  WAVES  BY  LONG  WAVES 


JEROME  A.  SMITH 
The  Marine  Physical  Laboratory  of 
The  Scripps  Institution  of  Oceanography 
University  of  California,  San  Diego  A-013 
La  Jolla,'  CA  92093 


1.  Introduction 

The  behavior  of  short  surface  waves  (wavelength  less  than  a  meter  or  so)  riding  on  longer 
wind  waves  or  swell  has  sparked  interest  for  several  decades  now.  In  the  problem  as  posed 
here,  the  energetic  waves  near  the  peak  of  a  wind-wave  or  swell  spectrum  are  treated  as  a 
large-scale,  slowly  varying  “medium1'  in  which  short  gravity-capillary  waves  evolve.  This 
“WKB  approximation11  should  be  well  founded,  since  the  time  and  space  scales  of  the  long 
and  short  waves  are  widely  separated,  and  no  reflections  of  the  short  waves  occur.  Short 
wave  “packets11  or  “components11  are  examined  independently  as  they  evolve  under  the  influ¬ 
ence  of  slowly  varying  winds  and  currents,  and  later  reassembled  into  a  larger  picture. 
Resonant  non-linear  exchanges  are  not  explicitly  included,  although  (for  example)  a  “packet11 
might  be  regarded  as  a  set  of  tightly  coupled  wavenumbers  rather  than  as  a  pure  sine-wave 
component. 

This  should  be  considered  as  a  kind  of  “thought  experiment.11  Beware  of  any  who  claim 
to  have  solved  this  problem:  There  remain  too  many  ill-known  or  even  unknown  aspects  of 
the  total  interaction  of  long  and  short  surface  and  surface  shear  layers  to  hope  for  a  final  solu¬ 
tion.  However,  by  combining  physics  and  physically  motivated  hypotheses  with  as  many 
observations  as  can  be  brought  to  bear  on  the  problem,  the  possibilities  can  be  greatly 
reduced.  Some  qualitative  conclusions  can  be  reached,  and  directions  for  further  work  indi¬ 
cated  (on  Doth  the  theoretical  and  observational  sides). 

An  eclectic  review  of  the  history  of  the  long- wave/ short- wave  problem  is  given  next,  with 
apologies  to  the  many  whose  contributions  are  neglected.  A  good  starting  point  is  with  obser¬ 
vations  made  by  Cox  (1958):  His  surface  slope  and  elevation  measurements  showed  a  mean 
square  surface  slope  which  was  highest  near  and  just  ahead  of  the  peaks  of  the  longer  waves 
generated  mechanically  in  the  tank.  Later,  M.S.  Longuet-Higgins  (1963)  showed  that 
“parasitic”  capillary  waves  are  generated  by  sharp  crests,  with  group  velocities  equal  to  the 
long  wave  phase  speed.  Also,  in  a  now  famous  series  of  papers,  Longuet-Higgins  and 
Stewart  (1960,  1961,  1962,  1964)  defined  a  surface  wave  “radiation  stress,”  describing 
changes  in  momentum  flux  due  to  the  interaction  of  surface  waves  with  larger  scale  (in  the 
WKB  sense)  flows.  These  analyses  showed  that  long- wave  orbital  velocities  alternately 
compress  and  expand  the  shorter  waves,  leading  (in  the  absence  of  growth  and  dissipation)  to 
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maximal  amplitudes  at  the  crests  of  the  longer  waves,  but  with  no  net  exchange  of  energy 
over  a  fill!  long-wave  period.  Phillips  (1963)  then  noted  that,  being  of  larger  amplitude  yet 
shorter  wavelength  at  the  crests,  t’tese  short  waves  were  likely  to  dissipate  preferentially 
there.  Since  the  “excess  energy"  of  the  short  waves  came  from  the  long  waves,  he 
concluded  that  this  results  in  damping  of  the  long  waves.  But,  Longuet-Higgins  (1969a) 
pointed  out,  these  short  waves  also  carry  momentum,  so  their  dissipation  must  also  result  in  a 
transfer  of  momentum,  acting  like  a  variable  stress  along  the  long  wave  surface.  This  vari¬ 
able  stress  acts  on  the  long-wave  orbital  velocity,  resulting  in  an  energy  transfer  much  greater 
than  Phillips’  damping  term,  and  which  favors  growth  when  the  waves  go  in  the  same  direc¬ 
tion,  and  damping  when  opposed  (c.g.,  swell  propagating  into  the  wind).  Since  the  observed 
growth  rates  of  the  longer  wind  waves  are  larger  than  those  calculated  by,  e.g.,  Miles  (1962), 
and  since  swell  arc  known  to  be  damped  effectively  by  an  opposing  wind,  this  “maser 
mechanism”  fit  rather  well  into  a  perceived  gap  in  the  theory  of  surface  wave  generation. 
The  reign  of  this  “maser  mechanism”  was  brief,  however.  Hasselmann  (1971)  pointed  out 
that,  tn  addition  to  momentum,  the  short  waves  induce  mass-flux.  When  the  short  waves  dis¬ 
sipate,  they  create  a  mass  divergence  (or  convergence)  at  the  long  wave  surface.  Since  the 
long-waves’  surface  elevation  corresponds  to  gravitational  potential,  Hasselmann  (1971) 
showed  that  a  transfer  of  potential  energy  also  occurs,  exactly  canceling  the  “maser”  term, 
and  leaving  just  Phillips’  damping  once  more.  A  few  years  later,  two  groups  (Valenzuela  and 
Wright  1976,  Garrett  and  Smith  1976)  independently  noted  that  Hasselmann  had  assumed  no 
correlation  between  short  wave  growth  and  long  wave  phase,  and  that  this  term  can  result  in 
net  transfer  to  the  longer  waves.  A  simple  physical  interpretation  is  easily  devised:  Consider 
a  surface  layer  (thin  compared  to  long-wave  scales)  which  contains  both  the  short  waves  and 
the  surface  wind-drift.  Then,  when  the  short  waves  dissipate,  both  the  momentum  and 
corresponding  mass  flux  are  merely  transferred  to  the  “drift  component”  of  this  layer.  In 
terms  of  the  underlying  long  wave,  it  makes  little  difference  which  component  of  the  surface 
layer  carries  the  momentum  or  mass-flux,  as  long  as  it’s  still  within  this  surface  layer.  On 
the  other  hand,  variations  in  short  wave  generation  represent  momentum  gained  from  the 
wind,  and  so  change  the  total  surface  layer  budget  and  can  therefore  affect  the  long  waves  as 
well. 

At  about  the  same  lime,  work  by  Gent  and  Taylor  (1976)  suggested  that  variations  in  short 
waves  amplitude  would  also  affect  the  long  wave  growth  indirectly,  by  acting  as  variable¬ 
sized  “roughness  elements”  and  changing  the  air-flow  over  the  long  waves.  Put  very  simply, 
for  potential  flow  of  air  over  the  waves,  the  Bernoulli  effect  gives  rise  to  a  large  pressure 
variation  which  is  in  quadrature  with  the  vertical  velocity,  and  so  does  no  work.  Any  slight 
change  in  the  phase  of  this  pressure  field,  induced  (for  example)  by  variations  in  the  turbulent 
shear  stresses,  could  therefore  greatly  alter  the  long-wave  growth  rate.  The  short  waves  can 
act  as  “roughness  elements”  for  the  airflow  over  the  long  waves.  Therefore,  it’s  not  too 
surprising  that  the  modulation  of  short  waves  can  bring  about  enormous  variations  in  the 
phase  of  this  induced  pressure  field.  Thus,^in  addition  to  the  “direct”  effect  alluded  to 
above,  variations  in  short  wave  generation  can  also  alter  long  wave  growth  indirectly,  by 
altering  the  airflow.  The  results  of  Gent  and  Taylor’s  (1976)  aerodynamic  model  indicate  that 
this  effect  may  be  quite  large  for  under-developed  seas  (with  long  wave  phase  speeds  less  than 
the  wind),  but  may  be  less  important  for  waves  (swell)  moving  with  or  faster  than  the  wind. 
A  major  conclusion  of  the  present  study  is  that  more  work  along  these  lines  is  sorely  needed. 

Keller  and  Wright  (1975)  approached  the  problem  from  a  different  perspective.  They  and 
their  associates  at  the  Naval  Research  Laboratory  had  been  making  pioneering  measurements 
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and  downwind-directed  “looks/’  they  could  effectively  remove  variations  due  to  tilting  of  the 
surface  from  the  intensity  of  the  returns,  leaving  mainly  those  due  to  modulations  of  the  short 
Bragg-resonant  scatterers.  What  they  found  was  surprising:  the  measured  modulations  of 
short  wave  energy  are  as  much  as  15  to  20  times  the  long  waves  steepness,  not  the  measly  2 
times  or  so  derived  from  the  conservative  interaction.  Also,  the  maximum  amplitudes  appear 
just  ahead  of  the  crests,  rather  than  at  them,  in  agreement  with  the  earlier  observations  by 
Cox  (1958).  It  is  important  to  realize  that,  with  tilting  effects  removed,  the  radar  scatters  are 
from  an  essentially  fixed  wavenumber,  rather  than  a  “fixed  wavetrain/'  as  considered  in  the 
theoretical  treatments.  Straining  by  longer  waves  changes  the  wavelength  as  well  as  ampli¬ 
tude  of  the  short  waves.  Viewing  a  fixed  wavenumber,  energy  is  effectively  transported  from 
adjacent  spectral  bands.  For  a  typical  “equilibrium  spectrum"  of  gravity  waves,  the  energy 
(amplitude  squared)  goes  about  as  A’~\  so  this  spectral  transport  can  be  significant;  in  fact,  it 
would  raise  the  “conservative"  modulation  to  about  6  times  the  long  wave  slope  (2  from 
amplitude  modulation  plus  4  from  spectral  transport).  For  the  observed  short  v.aves  (near  the 
gravity-capillary  transition,  and  near  the  viscous  cut-off  as  well),  actual  spectral  slopes  can  be 
greater  than  £’4.  By  introducing  relaxation  towards  an  “equilibrium  spectrum/’  Keller  and 
Wright  could  reproduce  a  maximum  slightly  forward  of  the  crests,  as  indicated  by  the  mea¬ 
surements.  However,  even  with  measured  spectral  slopes,  the  predicted  amplitude  of  the 
modulation  falls  short  of  the  observed  levels.  A  higher-order  model  (Valenzuela  and  Wright 
1979)  does  not  improve  this.  Thus,  Wright  et  al.  suggested  that  the  "equilibrium  level"  is 
itself  modulated  by  the  long  wave  environment. 

With  the  work  of  Keller  and  Wright  (etc.),  and  with  the  development  of  remote  sensors 
such  as  SAR,  scatterometry .  etc.,  which  depend  on  the  behavior  of  such  short  waves,  the 
focus  of  the  problem  shifted  from  the  effect  on  long  wave  growth  to  accurate  modelling  of  the 
short  waves  themselves.  Some  work  had  already  been  done  on  coupled  shear-flow  and  short 
wave  development  (e.g.  Valenzuela  1976),  and  on  triad  interactions  which  operate  effectively 
near  the  gravity-capillary  transition  (e.g.  Valenzuela  and  Latng  1972).  But,  to  improve  on 
models  of  the  short  waves  requires  observations  as  well  as  theory.  Thus,  there  followed  an 
inspiring  scries  of  studies  on  growth  rates  (Larson  and  Wright  1975,  Plant  and  Wright  1977) 
advection  by  wind  drift  (Plant  1982  and  1987),  and  the  short  wave  modulation  under  various 
wind  speeds,  swell  steepness,  directions,  etc.  (Wright,  Plant,  and  Keller,  1090;  Plant,  Keller, 
and  Cross,  1983;  Keller,  Plant,  and  Weissman  1985;  etc.). 

Some  of  the  salient  features  of  observed  short-wave  modulations  are  summarized  by  the 
results  shown  in  Figs.  1  and  2  (from  Plant  et  al.  1983).  These  show  measured  ‘modulation 
transfer  functions’'  (MTFs)  for  two  wavelengths;  2.1  cm  (Fig.  1)  and  12  cm  (Fig.  2),  from  a 
variety  of  cases  where  the  wind,  waves,  and  radar  “look  directions"  are  all  parallel. 
Although  the  MTFs  (defined  as  backscattered  intensity  modulations  divided  by  the  lorg-wave 
steepness,  UL  fCL)  include  other  effects,  the  major  features  reflect  the  modulation  of  the 
short-waves  themselves,  at  a  fixed  wavelength.  There  is  a  consistent  decrease  in  the  magni¬ 
tude  of  the  modulation  with  long-wave  (driving)  frequency,  and  the  phase  of  the  modulation  is 
stable,  with  maximum  amplitudes  occurring  around  0  to  30°  ahead  of  the  long-wave  crests. 
Finally,  the  X-band  (2.1  cm)  modulations  decrease  with  increasing  winds  (over  the  range  5  to 
14  m/s),  while  the  L-band  (12  cm)  modulations  are  relatively  insensitive  to  windspeed  (in  the 
range  7  to  15  m/s), 

Here,  a  model  for  short  wave  behavior  including  growth  and  dissipation  is  developed.  The 
dissipation  is  based  on  a  wave-steepness  criterion  which  depends  also  on  the  wind-drift  pro¬ 
fit.  Perturbations  about  a  mean  balance  between  growth  and  dissipation  of  the  short  waves 
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are  considered.  The  model  is  first  “tuned"  by  comparing  the  “predictions"  of  this  mean  bal¬ 
ance  with  observations  of  backscatter  vs  wind  (at  X  and  L  bands),  and  with  observed 
high-frequency/wavenumber  spectra.  To  first  order  in  the  long-wave  slope,  there  is  a  damped 
harmonic  response,  as  in  the  relaxation  model  of  Keller  and  Wright  (1976).  As  noted,  the 
total  “conservative"  forcing  is  too  small  to  explain  the  observations.  Of  the  mechanisms 
investigated  here,  only  large  variations  in  the  wind  stress  can  account  for  the  large  observed 
modulations.  Considering  variations  in  both  the  direct  generation  and  dissipation  of  the  waves 
due  to  the  forcing  of  the  surface  drift,  estimates  can  be  made  of  what  wind  stress  variations 
are  required  to  explain  the  measured  observations. 

The  organization  of  this  chapter  is  as  follows:  First,  general  equations  for  the  interaction 
of  surface  waves  with  large-scale  flows  are  reviewed,  and  phrased  in  terms  of  the  mean  and 
wave-induced  momentum  (Section  2).  Section  3  focuses  on  the  long-wave/short-wave  prob¬ 
lem  within  this  formulation.  The  short-wave  growth  rate  is  prescribed  as  an  arbitrary  func¬ 
tion  of  long-wave  phase,  and  an  expansion  in  long-wave  harmonics  is  introduced.  Section  4 
proceeds  with  a  hypothetical  model  for  short  wave  dissipation  which  depends  on  details  of  the 
near-surface  wind  drift.  In  Section  5,  a  drift  model  is  developed  to  describe  the  effects  of 
modulation  of  the  wind  drift  by  the  “long-wave  environment,*1  including  variations  in  wind- 
stress  as  well  as  direct  straining.  Finally,  results  are  combined  to  estimate  the  net  modulation 
of  the  short  waves.  By  comparing  results  with  observations,  some  ill-known  parameters  in 
the  model  (such  as  the  magnitude  and  phase  of  wind  stress  variations  with  the  long  wave)  are 
examined  for  self-consistency  and  plausibility.  At  the  same  time,  sensitivities  of  the  model 
results  help  to  indicate  which  of  the  many  “unknowns"  are  most  in  need  of  investigation. 
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Introduction 

The  Newtonian  gravitational  constant  G  is 
a  fundamental  parameter  of  physics  relating 
the  gravitational  force  to  the  product  of  body 
masses  by  an  inverse  square  of  the  separa¬ 
tion  G  has  been  measured  with  an  accuracy 
of  about  7  parts  in  10'  in  individual  labora¬ 
tory  experiments  [e.g,,  Luther  and  Tawler, 
1982],  but  the  consistency  of  all  modern  labo¬ 
ratory  measurements  is  only  about  7  parts  in 
I04  (Figure  1),  making  it  one  of  the  most 
poorly  determined  physical  constants  of  na¬ 
ture  (cf.  Cohen  and  Taylor,  1986;  Gillies,  1987). 
For  the  past  century,  virtually  all  experiments 
to  measure  G  have  been  conducted  on  a  scale 
(t.e.,  separation  between  test  masses)  of  50  cm 
or  less,  using  a  modification  of  the  Cavendish 
balance.  In  recent  years  there  has  been  in¬ 
creasing  interest  in  determinations  of  G  over 
larger  Kales  than  can  be  achieved  in  the  labo¬ 
ratory.  Some  theoretical  attempts  to  combine 
gravity  with  the  other  forces  of  nature  pre¬ 
dict  the  existence  of  a  fifth  force  in  addition 
to  the  classical  gravitational,  electromagnetic, 
weak,  and  strong  forces.  The  fifth  force 
would  produce  departures  from  Newtonian 
or  inverse  square  law  gravity  at  mass  separa¬ 
tions  of  tens  of  meters  to  tens  of  kilometers. 
Geophysical  experiments  arc  uniquely  suited 
to  measure  the  gravitational  constant  at  these 
Kales,  and  in  this  paper  we  outline  the  ad¬ 
vantages  of  conducting  such  an  experiment 
in  the  ocean. 

It  is  expected  on  theoretical  grounds  that 
departures  from  Newtonian  gravity  wilt  be 
manifest  by  the  addition  of  one  or  more  ex 
change  interaction  terms  to  the  classical  gravi¬ 
tational  potential  (e.g.,  O'Hanlon,  19721.  Gib¬ 
bons  and  Whiting  (1981]  give  the  potential  en- 
ergy  V  of  two  masses  m  and  m'  at  a  separation 
r  and  affected  by  an  exchange  interaction 
with  wavelength  Xand  coupling  coefficient  a 
as 

V  -  -Gjmm’  /rKl+ar’^)  (I) 

where  the  force  between  the  masses  is 
F  -  GJ(mm'  /r*)(l  +a(!  +r/X)r-"]  (2) 

and  the  effective  (range-dependent)  gravita- 
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tional  constant  is 

G{r)  *  G.(l+a(l+r/X)e*^]  (3) 

Positive  values  of  a  correspond  to  attractive 
exchange  interactions,  while  negative  values 
give  repulsive  ones.  The  exchange  term  van¬ 
ishes  for  large  distances  r>X,  and  Newtonian 
gravity  is  observed  with  gravitational  constant 
G,.  For  small  distances  r>\,  (2)  is  equivalent 
to  Newtonian  gravity  with 

Go-Gjl+a)  (4) 

This  is  the  value  measured  m  lalxiratory 
experiments  and  is  the  same  as  the  large  dis¬ 
tance  value  only  in  the  absence  of  ex¬ 
change  interactions.  Astronomical  observa¬ 
tions  cannot  yield  estimates  of  G.  indepen¬ 
dent  of  the  mass  of  F.arth  or  some  other 
body,  and  prrrise  observations  are  required 
over  distances  of  order  X  to  detect  possible 
non-Newtonian  effects. 

The  ratio  of  two  measurements  of  G  at  dif¬ 
ferent  ranges  constrain  a  and  X  to  an  allowed 
region  in  a-X,  commensurate  with  the  mea¬ 
surement  errors  Stacey  et  al.  (1987)  reviewed 
the  available  laboratory,  global,  geophysical, 
and  astronomical  data  restricting  a-X  (see 
Figure  2).  While  the  data  effectively  preclude 
values  of  X  under  a  few  meters  or  over  a  few 
kilometers  unless  a  is  smaller  than  can  rea¬ 
sonably  be  measured,  the  constraints  for  X  in 
the  range  of  10-1000  m  are  weak. 

Interest  in  assessing  the  gravitational  con¬ 
stant  over  hundred-meter  Kales  has  led  to  a 
renewed  interest  in  geophysical  G  experi¬ 
ments.  Measurements  of  the  acceleration  of 
gravity  g,  the  medium  density  p,  and  the  loca¬ 
tion  r  in  a  geological  body  can  be  used  to 
back-calculate  G(r )  and  bound  a  and  X.  Stacey 
and  coworkers  have  presented  extensive  data 
sets  from  two  Australian  mines  [e.g ,  Holding 
etal.,  1986J.  Their  results  systematically  give 
a  value  for  G  that  is  larger  than  the  accepted 
laboratory  value,  and  the  dUcrepancy  exceeds 
the  stated  error  bounds.  Holding  et  at.  (1986] 
use  the  most  complete  mine  data  set  to  obtain 
a--0.007,  X~200  m,  although  the  constraints 
on  Xare  not  especially  good.  This  suggests  a 
repulsive  term  in  (2)  and  a  maximum  devi¬ 
ation  from  Newtonian  gravity  of  about  0.7%. 
For  a  thorough  review  of  these  experiments, 
as  well  as  many  other  geophysical  determina¬ 
tions  of  G,  see  Stacey  et  al.  (1987).  More  re¬ 
cently,  Hsut  [1987]  and  Eckhardt  et  al.  ( 1988] 
(£<w,  January  12,  1988)  have  also  reported 
anomalous  values  for  G  from  geophysical  ex¬ 
periments. 
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Ftg  !.  Composite  of  all  measurements 
of  G  from  Cavendi<h-iype  experiments 
made  since  1969  plotted  as  a  function  of 
the  date  of  publication.  The  quoted  preci¬ 
sion  of  each  measurement  is  given  as  er¬ 
ror  bars.  The  scatter  between  the  values  is 
a  measure  of  the  overall  accuracy  of  labo¬ 
ratory  measurements  of  G  and  is  about  7 
parts  in  104.  The  sources  of  the  data  are 
Rose  et  al.  (1969),  Facy  and  Fonlikis,  [1970, 
1971),  Pontikis  (19721.  Renner  { 1974),  Kara- 
gint  et  al.  ( 1976),  Luther  et  al  (1976],  Sagt- 
tov  et  al  ( 1979),  and  Luther  and  Towler 
(1982). 
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The  results  of  these  experiments  are  not 
conclusive  (although  they  are  certainly  sug¬ 
gestive)  despite  the  care  with  which  they  were 
performed  The  mine  estimates  of  rock  den¬ 
sity  are  based  on  coring  and  hand  samples  or 
gamma  ray  logs  and  may  not  represent  the  in 
situ  density.  Current  rock  mechanical  models 
are  not  adequate  to  estimate  in  situ  density 
with  high  precision  from  removed  samples, 
principally  because  unloading  effects  are  not 
reversible  A  1%  discrepancy  in  G  would  be 
produced  by  a  1%  error  in  estimating  in  situ 
density,  and  errors  in  the  estimated  density 
Tor  a  considerable  distance  about  the  mea¬ 
surement  point  must  be  considered.  Further¬ 
more,  the  region  surrounding  a  mine  is  cer¬ 
tainly  inhomogeneous  (or  else  the  mine 
would  not  be  there).  There  is  also  a  possible 
problem  (recognized  by  Stacey)  from  deep- 
seated  density  anomalies  within  the  Farth’s 
deep  crust  and  mantle  that  can  produce 
anomalous  regional  gravity  gradients  and 


X  (■) 


Fig.  2.  Restrictions  on  the  parameters 
a-X  imposed  by  torsion  balance  experi¬ 
ments  and  the  hydroelectric  lake  beam- 
balance  experiment  described  by  Stacey  et 
al  (1987]  (left  side)  and  surface  to  satellite 
gravity  comparisons  (right  side).  The 
shaded  areas  are  disallowed.  Notice  that 
constraints  on  a  for  10  m<X<1000  m  are 
very  weak. 
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yield  svsirmaiicall)  different  values  for  G  at  a 
given  sue.  It  is  not  known  whether  deep 
anomalous  bodies  are  present  at  the  above 
measurement  sites 

An  interest  in  performing  geophysical-scale 
G  experiments  led  the  authors  to  plan  two  ef¬ 
forts.  The  first  of  these  is  based  on  measure¬ 
ments  of  g  through  a  profile  in  the  polar  ice 
cap  in  Greenland  \Andrt  ft  nl .  1 9H6;  Chat*  ft 
nl .  I9R7J  and  uses  standard  laud  geophysical 
technology  It  was  conducted  in  the  late  sum- 
mcr  of  I0K7  iF.m  ,  Julv  14.  1987).  and  analy 
us  of  the  data  is  nirmulv  underwav  A  more 
arc  mate  cxpctiment  rondnrtcd  in  the  deep 
inean  is  feasible  and  is  described  here 

An  Ocean  Experiment 

An  oceanic  measurement  of  (7  was  fust 
suggested  by  Stnfry  (197R|.  I  here  are  several 
advantages  to  an  oceanic  measurement  of  G 
overdue  made  on  land  or  ice  I  he  most  im¬ 
portant  of  these  are  the  high  ammo  with 
which  water  density  can  l>e  measured  in  three 
dimensions  in  the  ocean,  the  ability  to  make 
gravity  measurements  at  diverse  locations; 
tlie  availability  of  long,  continuous  gravity 
profiles  at  the  sea  surface,  allowing  detection 
of  deep  mass  anomalies,  the  relative  simplic¬ 
ity  of  sulioceanic  structure  compared  to  land 
sites;  and  the  relatively  smooth  seafloor  to¬ 
pography  in  many  pans  of  the  oceans  I  he 
ocean  slab  is  a  thick  and  homogeneous  entity: 
no  other  geological  body  approaches  it  in  ei¬ 
ther  sire  nr  uniformity  of  structure.  1  he  ma¬ 
jor  potential  problems  for  an  oceanic  G  ex¬ 
periment  are  technical  difficulties  in  die  mea¬ 
surement  of  the  Farilt's  gravitational 
acceleration.  1  he  ocean  is  in  motion  on  a  va¬ 
riety  of  temporal  and  spatial  scales,  and  the 
precise  measurement  of  accelerations  in  such 
a  medium  jmiscs  a  challenge  However,  most 
of  the  developments  needed  to  deal  with 
these  problems  have  already  been  made,  and 
careful  integration  of  these  will  yield  the  re¬ 
quired  sensitivity  Overall,  an  accuracy  of  2-3 
parts  in  I04  for  G  should  (>e  possible  in  the 
ocean;  this  is  a  substantial  improvement  over 
any  ice  experiment  and  even  approaches  the 
acctiracv  with  which  Cavendish  experiments 
can  be  performed  (see  Figure  I). 

A  scenario  for  an  ocean  G  experiment  con¬ 
sists  of  five  components1 

•  measurements  of  the  Earth  s  gravitational 
acceleration  %  along  a  5000-m  profile  in  the 
water  column 

•  measurements  of  the  depth  and  horizontal 
position  at  which  the  gravity  measurements 
are  made,  also  yielding  the  east-west  veloci¬ 
ty  and  accelerations  of  the  gravimeter  at 
the  time  of  measurement 

•  determination  of  the  seawater  density  as  a 
function  of  depth  and  horizontal  position 
relative  to  the  gravity  measurement  sue 

•  correction  for  the  gravity  field  Hue  to 
sources  other  than  the  slab  of  water,  espe¬ 
cially  seafloor  topography  and  sediment 

•  integration  of  all  of  these  to  yield  G  and.  by 
comparison  with  laboratory  values,  its  vari¬ 
ation  with  mass  separation 

Geophysical  Considerations 

Consider  a  flat  slab  of  water  having  uni¬ 
form  density  and  overlying  the  Earth.  Two 
effects  determine  the  difference  in  gravita- 
no  ial  accelerations  g  between  points  on  ei¬ 
ther  side  of  the  slab  The  first  is  the  Earth’s 


free  air  gravity  gradient,  and  the  second  is 
the  attraction  of  the  slab  itself  These  terms 
combine  to  yield  a  gravity  difference 

^  <5> 

where  y  is  the  Earth's  free  air  gravity  gra¬ 
dient  (-3.09  jiGal/cm;  1  Gal  is  1  ern  s1  or 
about  10  *  times  the  Earth's  surface  gravity 
field)  and  p  is  the  water  density  (which  is 
dose  to  1.030  gm/cm*  throughout  the  water 
column).  It  is  feasible  to  acquire  a  gravity 
profile  over  an  interval  At  of  3000  in  in  main 
parts  of  the  oceans.  Using  these  approximate 
values  gives 

g  -  g.  132  mGal  -  1545  inGal 

niop  °hnHmn  « 

*  -  1113  mGal  (6) 

Most  of  the  total  gravity  increase  with 
depth  in  the  ocean  ts  due  to  the  Earth  The 
signal  containing  G  is  only  that  portion  of  the 
gravity  change  that  is  due  to  the  water  (432 
mGal)  I*o  obtain  a  fractional  uncertainty  of « 
» 1  x  10 4  in  the  value  of  G,  it  is  necessary  to 
measure  Ag  with  an  accuracy  of  <  x  432 
mGal  *  43  jiGal  Because  the  in  situ  gravity* 
gradient  is  -2  2  jiGal/cm,  the  depth  of  the 
gravity  meter  must  be  known  to  43  jiGal/  2  2 
jiGal  cm  1  or  20  cm.  The  signal  containing  G 
depends  directly  on  the  water  density,  so  it 
will  need  io  be  known  to  r  x  p  or  roughly 
0  0001  gm/cm*.  Finally,  the  gravity  gradient 
from  ocean  bottom  topography  will  need  to 
be  calculated  to  an  accuracy  of  43  pGal/  3000 
m  -  9  pGal/km  This  will  require  a  map  of 
the  bottom  structure  having  a  resolution  of 
-5  m  in  depth.  The  fiat  slab  discussed  above 
is  a  simplified  model  of  the  Earth  A  more 
complex,  ellipsoidal  layered  Earth  has  l>ren 
considered  and  can  be  used  to  predict  die 
gravity  difference  with  an  accuracy  of  1  part 
in  10'  [Starry  rial,  1981;  Dahlrn,  1982) 

Oceanic  Considerations 

The  oceanic  water  mass  moves  under  the 
influence  of  a  variety  of  forces  1  here  are 
two  different  types  of  phenomena  that  must 
be  considered:  density  fluctuations  that  can 
alter  the  local  apparent  gravity,  and  vertical 
accelerations  and  east-west  velocities  that  may 
affect  the  gravity  measurements  The  first  of 
these  is  only  significant  if  the  density  fluctua¬ 
tions  are  local  (i.e.,  in  proximity  to  the  gravi¬ 
meter)  or  if  their  length  scale  is  large  com¬ 
pared  to  the  measurement  depth.  In  particu¬ 
lar,  density  perturbations  from  small-scale 
phenomena  like  surface  gravity  waves  are  not 
important  at  abyssal  depths.  The  second  phe¬ 
nomenon  consists  of  instrumental  accelera¬ 
tions  that  are  only  a  source  of  error  at  the 
level  at  which  they  cannot  be  detected  and 
corrected.  Since  the  characteristic  time  scale 
for  deep  ocean  motions  is  several  hours,  this 
can  be  handled  by  careful  acoustic  tracking 

Considerable  difficulty  can  be  avoided  if  a 
relatively  benign  part  of  the  oceans  is  chosen 
for  the  experiment  Regions  of  intense  cur¬ 
rents  should  certainly  be  avoided.  This  pre¬ 
cludes  operation  in  the  western  half  of  north¬ 
ern  hemisphere  ocean  basins,  where  bound¬ 
ary  currents  and  mesoscale  eddies  are 
dominant;  coastal  regions,  where  intense  mix¬ 
ing  can  occur;  equatorial  regions,  where 
strong  current  shear  is  observed;  and  mid-lat¬ 
itude  convergence  zones  like  that  near  42*N. 
where  density  and  current  fluctuations  are 
comparatively  large.  By  contrast,  the  mid¬ 
gyre  region  of  the  North  Pacific  is  ideal;  it  is 


one  of  the  most  quiescent  parts  of  the  world 
oceans,  with  weak  mesoscale  variability  and 
weak  mean  currents  below  the  main  thermo- 
dine. 

Further  complications  can  be  avoided  if  the 
relatively  energetic  surface  mi*ed  layer  above 
the  main  thermocline  and  the  benthic  bound¬ 
ary  layer  near  the  seafloor  are  avoided.  Den¬ 
sity  and  velocity  fluctuations  in  the  upper  few 
hundred  meters  of  the  mid-gyre  Pacific  are 
substantially  larger  than  those  at  depth  clue 
to  wimhindticed  mixing.  Similarly,  the  bot¬ 
tommost  few  hundred  meters  should  be 
avoided,  both  to  minimize  boundary  layer 
and  topographic  effects 

Spectra  of  water  velocities  in  mid-gyre  re¬ 
gions  are  dominated  by  the  barotropir 
(depth-independent)  tides  and  internal  waves 
at  periods  shorter  than  about  a  day  A  good 
estimate  of  the  effect  of  the  ocean  can  be 
achieved  by  studying  only  these  two  types  of 
phenomena  Oceanic  variability  is  weak  at  pe¬ 
riods  of  1-5  days,  and  longer  period  distur¬ 
bances  are  effectively  static  on  a  I -week  ex¬ 
perimental  time  scale.  Thus  the  density  field 
at  depth  can  be  considered  as  a  combination 
of  two  parts;  a  mean  component  which 
changes  on  a  time  scale  of  days  to  months, 
and  a  fluctuating  component,  which  changes 
on  a  scale  of  hours  The  mean  component 
may  be  regarded  as  stationary  for  a  G  experi¬ 
ment.  and  is  easily  measured  to  an  accuracy 
of  a  part  in  I  O'  using  standard  oceanographic 
techniques. 

A  prominent  feature  of  the  deep  ocean  is 
the  barotropic  tides,  which  typically  exhibit 
surface  displacements  of  I  m  or  less,  horizon¬ 
tal  water  velocities  of  1-2  cm/s,  and  horizon¬ 
tal  length  scales  of  1000  km  or  more  A  great 
deal  of  effort  has  gone  into  global  ocean  tide 
modeling  in  recent  years,  and  it  is  now  possi¬ 
ble  to  pt edict  the  principal  barotropic  tides 
with  accuracies  of  10%  or  better  in  the  open 
ocean  [Schwuimki,  1980],  A  simple  estimate 
of  the  gravitational  effect  of  displaced  water 
associated  with  the  tides  may  be  made  using 
an  infinite  slab  Bouguer  model,  yielding  Ag 
-  40  pGal.  This  number  is  reduced  when 
consideration  of  the  solid  earth  deflection  is 
included  In  any  case,  correction  to  10%  re¬ 
duces  the  tidal  effect  to  below  10  pGal.  Simi¬ 
larly,  the  vertical  acceleration  imparted  by  the 
tide  may  be  obtained  using  a  simple  harmon¬ 
ic  model  a  -  u>2H,  where  w  is  the  angular 
frequency  and  H  is  the  tidal  displacement 
This  acceleration  is  about  2  pGal  for  a  semi¬ 
diurnal  tide,  and  about  4  times  smaller  for  di¬ 
urnal  ones.  The  horizontal  accelerations  are 
comparable.  Therefore  tidal  accelerations  are 
completely  negligible,  and  correction  for  the 
shifted  mass  associated  with  the  tides,  while 
not  neglectable,  ts  easily  accomplished, 

Internal  waves  occur  due  to  water  density 
gradients  and  they  are  a  ubiquitous  feature 
of  the  deep  ocean  Motions  due  to  internal 
waves  range  from  the  local  merttal  frequency 
(- 1  cpd  at  mid-latitudes)  to  the  buoyancy  or 
Brum-V3isfllit  frequency  (1  eph  or  less)  I  he 
horizontal  length  scales  of  internal  waves 
range  from  meters  to  kilometers,  with  the 
larger  waves  occurring  at  lower  frequencies. 
Beiow  the  thermocline,  the  density  fluctua¬ 
tions  due  to  interna)  waves  are  a  negligible 
contribution  to  the  observed  gravity.  Density 
fluctuations  above  the  thermocline  may  be 
larger,  but  thetr  effects  will  be  small  in  the 
ocean's  interior  because  of  their  small  length 
scales 
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Internal  waves  are  the  dominant  source  of 
acceleration  noise  for  an  ocean  G  experiment 
The  power  spectral  density  of  vertical  accel¬ 
erations  from  internal  waves  may  be  comput¬ 
ed  from  the  Garrett-Munk  displacement 
spectrum  (Munk,  19RIJ,  scaled  by  w\  The 
mean-squared  vertical  acceleration  is  found 
by  integrating  over  frequency  and  summing 
over  all  possible  modes  1  his  gives  an  rms  ac¬ 
celeration  of  about  1.3  mGal  at  the  base  of 
the  mixed  lavrr  and  al>oiit  20  iiGal  at  the  sea¬ 
floor  1  hr<r  arrclrralmns  can  l>r  corrected  bv 
monitoring  the  instrument  position  arousn- 
calls .  since  the  nmr  scales  on  wlmli  thev  oc¬ 
cur  arc  an  hour  or  more  Stmtl.it tv.  it  can  !>e 
shown  using  the  Garrett-Munk  spectrum  that 
the  rms  honrntital  accelerations  are  at  most 
2  4  mGal  and  that  they  are  reduced  substan¬ 
tially  at  depth 

In  conclusion,  densuv  fluctuations  associat¬ 
ed  with  the  most  common  high-frequency 
oceanic  motions,  except  the  hatotrnptc  tides, 
are  not  significant  Correction  fur  the  tides  is 
accomplished  using  standard  models  Ocean- 
induced  accelerations  may  he  significant 
when  compared  io  the  measurement  amitacv 
hut  mav  In*  cot  tec  led  since  ihrv  mcui  on  a 
long  nmr  scale 

Site  Specific  Considerations 

Site  selection.  Minimizing  the  gravity  sig¬ 
natures  from  local  genphvsical  structures  and 
from  oceanic  conditions  are  the  principal  cri¬ 
teria  for  sue  selection  One  desirable  sue 
characterisuc  is  a  minimum  of  ocean  boitmn 
topography;  large  scale  topographic  features 
such  as  seamounts,  ridges,  or  trenches  should 
he  avoided  In  addition,  regions  of  coniatt 
between  oceanic  and  continental  crusi  should 
h?  shunned  due  to  flip  gravity  gradient  creat¬ 
ed  hv  different rs  in  deep  crustal  and  litho¬ 
spheric  structure.  I  he  oceanic  problems 
mentioned  in  the  last  section  also  require 
consideration 

The  minimum  topographic  irlirf  that  can 
lx?  cx|>ecied  in  mmseduuented  areas  on  the 
seafloor  is  due  to  abyssal  lulls  *1  hrse  are  hn- 
rated  features  due  to  normal  faulting  and 
have  an  average  wavelength  of  5  km  and  an 
amplitude  of  100-200  m  I  he  ocean  Ixiitom 
will  acquire  increasing  amounts  of  sediment 
wiih  agr  which  will  smooth  the  apparent  sea¬ 
floor  topography  However,  sedimented  re¬ 
gions  mav  l>e  undesirable  because  the  density 
contrast  between  the  sediment  and  the  base¬ 
ment  will  introduce  gravity  gradients  Heavily 
sedimented  sues  may  require  extensive  (and 
expensive)  seismic  reflection  surveys  to  map 
the  regional  depth  to  the  basement  topogra¬ 
phy.  and  it  is  uncertain  if  such  a  survey 
would  have  sufficient  spatial  resolution.  It  is 
preferable  to  work  in  a  lightly  sedimented 
area  where  multibeam  sonar  can  be  used  to 
map  the  basement  directly  and  precisely 

A  site  survey  should  be  conducted  to  obtain 
a  detailed  map  of  the  regional  bathymetry 
T  he  Sea  Beam  multil>eam  sonar  system  pro¬ 
vides  elevation  of  the  ocean  bottom  with  a 
precision  of  betier  than  10  m  over  a  200  m 
by  200  m  footprint  A  shipboard  gravity  sur¬ 
vey  (~l  inC.al  accuracy)  should  also  be  con¬ 
ducted  during  the  site  survey  The  intent  of 
the  shipboard  gravity  survey  is  to  provide  in¬ 
formation  on  density  contrasts  within  the 
ocean  basement  rock,  to  delineate  the  effects 
of  the  topography  on  the  gradient  of  gravity 
as  discussed  above,  and  to  ensure  that  local 


gravity  gradients  are  small  In  addition, 
strong  constraints  can  be  placed  on  the  rock- 
water  density  contrast  by  conducting  a  sea¬ 
floor  gravity  survey  immediately  about  the 
measurement  site  using  an  ocean  bottom  gra¬ 
vimeter  from  a  surface  ship.  Comparison  of 
the  orean  Ixittom  gravity  field  and  the  ex  rati 
surface  gravity  field  alone  can  yield  an  esti¬ 
mate  of  f#  (and  ns  <tnlc  dependence)  that  is 
accurate  to  about  I  partin  II)'  An  expedi¬ 
tion  to  obtain  these  measurements  is  lx*tng 
supported  In  the  Office  of  Naval  Re<car< It 
and  will  !>e  conducted  by  the  authors  dining 
the  summer  of  |UftR 

Regional  effects.  I.arge-scalc  regional  ef¬ 
fects  or  unrecognized  density  variations  at 
depth  within  the  Earth  could  cause  an  anom¬ 
alous  Icxal  gravity  gradient  Ibis  can  he  dealt 
with  in  several  wavs  First,  long-wavelength 
(low  degree)  terms  in  satellite  geoid  data  can 
lx?  used  to  estimate  the  size  of  large-scale 
gravity  anomalies;  as  the  wavelength  gets 
larger,  the  associated  gravity  gradient  de¬ 
creases  l  hr  lateral  undulations  of  the  geoid 
can  lx*  related  to  the  vertical  gradient  in  grav* 
it v  through  t .a plate's  equation.  Second,  more 
Icxalized  elfetiscan  lie  addressed  by  analvsrs 
of  shipboard  gravity  data  archived  at  major 
oceanographic  institutions  Finally,  modeling 
of  large-scale  bathymetric  features,  such  as 
fracture  zones,  can  l>e  conducted.  Tliesr  cor¬ 
rections  must  be  considered  in  any  geophysi¬ 
cal  experiment  to  determine  G  and  are  not 
unique  to  an  ocean  experiment  However,  t hr 
availability  of  the  satellite-derived  oceanic  ge- 
oid  makes  correction  for  large-scale  effects 
relatively  simple  for  an  ixran  experiment 

Components  of  the 
Experiment 

Measuring  Gravity  in  an  Ocean  Stab 

Gravity  measurements  can  be  made  wiihm 
the  ocean  slab  using  a  La  Cost  e*  Rom  berg  un¬ 
derwater  gravimeter  This  is  a  version  of  the 
standard  taCmtc- Romberg  land  gravity  me¬ 
ter  adapted  for  remote  operation  at  the  end 
of  a  wire  and  in  a  pressure  case  These  in¬ 
struments  have  a  repeatability  of  belter  than 
20  uGal  with  reading  times  on  the  order  of  a 
few  minutes 

A  possible  scenario  for  water-column  gravi¬ 
ty  measurements  consists  of  two  separate 
packages,  one  for  telemetry  and  another  for 
gravity  measurements  A  soft  tether  would 
connect  the  two  packages  and  decouple  mo¬ 
tion  of  the  telemetry  package  from  the  gravi¬ 
ty  sensor,  1  he  gravimeter  package  would 
contain  the  [.aCoste-Romberg  instrument,  a 
precision  pressure  gauge,  a  transponder 
pinger,  and  a  buoyancy  compensation  cham¬ 
ber.  At  each  gravity  station  the  buoyancy 
compensation  chamber  trims  the  gravimeter 
package  for  neutral  buoyancy.  This  can  be 
accomplished  with  a  compressible  fluid  for 
bulk  compensation  and  a  small  pumpable 
chamber  for  fine  compensa'ion  control, 

To  minimize  the  motions  induced  on  the 
gravimeter  package  from  the  surface,  it  is 
beneficial  to  use  the  research  floating  instru¬ 
ment  platform  (FLIP)  as  the  support  vessel 
for  the  measurements.  FLIP  is  a  100  m  long 
spar-buoy  surface  platform  that  can  be  an¬ 
chored  with  a  three-point  mooring  at  full 
ocean  depths  She  is  designed  to  reduce  the 
effect  of  10-  to  20*s  ocean  swell  by  at  least  a 
factor  of  10,  so  that  her  vertical  displacement 


in  a  l-m  sea  is  only  a  few  cin  { RuHmck ,  1964) 
No  conventional  ship  can  approach  this  level 
of  performance.  The  motion  experienced  by 
the  package  can  be  reduced  by  another  factor 
of  -3  through  use  of  an  accumulator  on  the 
topside  winch. 

Measuring  the  Position 

T  wo  independent  methods  can  be  used  for 
precisely  loratmg  the  gravity  meter's  position 
in  the  water  column  One  method  involves 
use  of  arnustic  transponders  to  measure  the 
range  between  the  gravimeter  and  a  vet  of 
known,  fixed  locations  on  the  seafloor  Com¬ 
bining  three  or  more  transponder  ranges  al¬ 
lows  calculation  of  the  gravimeter  jxjsition  in 
both  the  horizontal  and  the  vertical  A  favor¬ 
able  geometry  would  include  one  transpon¬ 
der  placed  on  the  seafloor  beneath  the  gravi¬ 
meter  package  and  three  transponders  placed 
in  an  equilateral  triangle  around  it  The  tran¬ 
sponder  directly  beneath  the  package  pro¬ 
vides  its  depth,  whereas  the  triangle  of  tran¬ 
sponders  provides  information  on  the  lateral 
position  A  new  ivpe  of  transponder,  de¬ 
signed  for  centimeter  positioning  accuracy  in 
gcodettr  work  I985|  is  especially  suit¬ 

able  for  this  application.  To  obtain  centimeter 
accuracy,  a  survey  of  sound  speed  must  be 
conducted  along  the  transponder  sound 
paths 

An  additional  method  for  determining  the 
package  depth  involves  measurement  of  the 
ambient  pressure  Under  the  hydrostatic  ap¬ 
proximation.  the  depth  is  given  if  the  density 
is  known,  the  latter  ran  he  computed  from  a 
conductivity,  temperature,  anti  depth  (CTD) 
profiler  on  the  telemetry  package  Problems 
wuh  long-term  drift  of  the  pressure  gauge 
will  occur  and  can  hr  addressed  hv  recotding 
us  reading  at  marked  positions  of  the  wire  on 
each  profile  through  the  water  column  How¬ 
ever.  pressure  measurements  ate  limited  in 
accuracy  hv  hysteresis  and  effects  from  non- 
hvdrostatic  water  motions.  They  cannot  be 
rrlird  upon  alone  to  provide  the  insiiumrni 
depth  with  adequate  precision,  nor  can  they 
give  necessary  information  on  horizontal  ve- 
hx-mes  and  accelerations.  A  careful  approarh 
would  utilize  both  of  these  techniques  at  the 
same  tune  to  produce  some  redundancy. 

Additional  information  is  needed  on  the 
north-smith  position  ol  the  gravimeter  for  ac¬ 
curate  latitude  correction  and  the  east-west 
velocity  for  accurate  F.rtlvris  correction.  At 
mid-latitudes,  north-south  lateral  positioning 
of  —50  m  is  required  for  I  part  in  I04  deter¬ 
mination  of  G .  and  this  is  easily  accomplished 
with  a  properly  surveyed  acoustic  transpon¬ 
der  network.  East-west  velocity  of  the  gravi- 
meter  will  change  the  centrifugal  acceleration 
that  it  experiences  and  is  corrected  by  the 
Eoivbs  term.  At  mid-latitudes  and  for  a  veloc¬ 
ity  of  2  cm/s  the  F.divos  correction  is  -206 
jiGal.  Vehx-ities  of  this  order  may  he  encoun¬ 
tered  due  to  internal  waves  and  the  harotro- 
pic  tides,  hut  correction  for  their  effects  can 
be  accomplished  due  to  the  long  time  scales 
on  which  they  occur. 

Measuring  Density 

The  large-scale,  nearly  stationary  part  of 
the  oceanic  density  field  can  be  measured  us¬ 
ing  conventional  CTD  instrumentation  and 
an  empirical  equation  of  state  for  seawater 
[MtUero  et  a/.,  1 980J  With  careful  precruise 
and  postcruise  calibration  and  the  use  of  sa- 
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linity  check  samples  (which  are  measured  on 
board-ship  using  a  salinometer).  a  standard 
CTD  profiler  can  measure  temperature  to  a 
millide^ree  and  salinity  to  2  parts  per  thou¬ 
sand,  yielding  the  density  with  an  accuracy  of 
a  few  parts  per  million.  Depth  is  measured 
using  a  quartz  pressure  gauge,  and  the  accu¬ 
racy  of  the  measurement  is  limited  by  hyster¬ 
esis  effects  to  about  1-2  m.  This  is  more  than 
adequate  to  characterize  the  large-scale  densi- 
ty  field. 

A  detailed  CTD  survey  must  be  made  at 
the  location  of  the  gravity  measurements,  and 
for  a  distance  of  -25  km  about  the  measure¬ 
ment  site.  The  errors  associated  with  termi¬ 
nating  the  survey  at  25  km  are  at  the  I  part 
in  10^  level  in  g  for  any  reasonable  estimate 
of  oceanic  density  fluctuations.  Lateral  densi¬ 
ty  changes  associated  with  baroclinic  meso- 
scale  eddies  may  be  the  largest  source  of  local 
density  contrasts  in  the  experimental  region. 
An  eddy  of  100-km  size  may  produce  a  frac¬ 
tional  density  change  of  4  parts  in  I05.  Fur¬ 
thermore.  other  density  contrasts,  especially 
those  associated  with  poorly  understood 
fronts,  may  be  present  in  the  experimental 
area.  A  CTD  survey  provides  the  best  way  to 
be  certain  that  the  density  field  is  adequately 
known. 

Terrain  and  Sediment  Correction 

The  density  contrast  due  to  basement  rock 
topography  and  sediment  will  afreet  the  local 
gravity  gradient.  To  quantify  these  efTects, 
the  bathymetry  can  be  modeled  as  a  one-di¬ 
mensional  stationary  random  process,  exploit¬ 
ing  the  strong  lineation  seen  in  most  seafloor 
bathymetry.  Figure  3  shows  a  power  spec¬ 
trum  of  the  seafloor  topography  at  a  site  in 
the  eastern  North  Pacific  (36*N,  137*W).  Ne¬ 
glecting  nonlinear  terms,  the  gravity  gradient 
caused  by  the  topography  can  be  expressed 
as  a  convolution  of  the  topography  with  a  fil¬ 
ter  function  [Parker,  1973J. 
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Ftg.  4.  The  root-mean-square  gravity 
gradient  as  a  function  of  depth  in  the  wa¬ 
ter  column  produced  by  a  1%  non-Newto¬ 
nian  signal  (800  jiCal/km)  compared  to 
the  uncorrected  basement  terrain  signal 
using  the  bathymetry  from  Figure  3  and 
the  uncorrected  sediment  signal  using  the 
model  described  in  ihe  text.  For  1  part  in 
I04  accuracy  the  terrain  and  sediment  sig¬ 
nals  must  be  corrected  to  about  8  M>Cal/ 
km. 


Figure  4  shows  the  rms  gravity  gradient 
computed  from  the  topography  spectrum  of 
Figure  3.  The  gradient  produced  by  the  den¬ 
sity  contrast  at  the  water-rock  interface  is 
small  compared  to  the  predicted  non-Newto¬ 
nian  gradient  for  measurements  made  in  the 
water  column  above  3000  m.  The  gradients 
computed  here  may  be  overestimates  because 
isostatic  compensation  has  been  neglected,  a 
factor  significant  at  the  longest  wavelengths 
where  most  of  the  topographic  power  is  con¬ 
centrated.  For  the  lower  section  of  the  water 
column  the  topographic  signal  can  be  correct¬ 
ed  using  the  site  bathymetry  and  an  estimate 
of  the  rock  density.  Uncertainties  in  rock 
density  will  cause  the  largest  error,  but  it  is 
unlikely  to  be  wrong  by  more  than  a  few  per¬ 
cent,  and  much  less  if  a  seafloor  gravity  sur¬ 
vey  is  performed.  By  terrain  correction,  the 
bathymetric  signal  can  be  reduced  by  at  least 
a  factor  of  30,  making  it  small  in  comparison 
to  the  predicted  non-Newtonian  field.  The 
rms  gradient  produced  from  half  filling  the 
valleys  with  sediment  is  shown  in  Figure  4. 
The  gradient  due  to  sediment  fill  is  small  for 
almost  all  depths  in  the  column.  However, 
seismic  reflection  profiles  can  be  used  to  de¬ 
termine  sediment  cover  thickness  for  inclu¬ 
sion  in  the  terrain  correction. 

Total  Uncertainty  in  G 

To  summarize  and  compare  ihe  contnbu- 
lions  of  the  experimental  errors  described 
above,  a  root-sum-square  (rss)  total  uncertain¬ 
ty  can  be  computed.  This  is  a  worst  case  esti¬ 
mate  of  the  uncertainty.  For  example,  the  ac¬ 
tual  analysis  of  field  data  will  consist  of  a  least 
squares  fit  to  a  number  of  observations 
spaced  along  a  profile  and  will  account  for 
systematic  errors  separately  from  random 
ones.  Also,  the  gravity  uncertainty  is  correlat¬ 
ed  with  the  depth  uncertainty  because  of  the 
vertical  gravity  gradient.  Nevertheless,  it  is  in¬ 
structive  to  list  the  sources  of  uncertainty  in 


an  error  budget  shown  in  Table  l.  The  pre¬ 
dicted  ocean  experimental  error  A  GIG  of  2.7 
x  10“*  is  within  a  factor  of  4  of  the  best  labo¬ 
ratory  precision  of  0.7  x  10 4  and  is  compara¬ 
ble  to  the  overall  accuracy  with  which  G  is 
known. 


TABLE  I  Rss  Uncertainty  in  G 


Source  of 
Uncertainly 

Absolute 

Error 

Eflert  on 
AO/G 
x  10"4 

gravity 

record 

50  uGa! 

1.2 

package 

deptli 

20  cm 

1.0 

seawater 

density 

lxl0‘4  gm/cm5 

0.1 

hasement 

density 

0.1  gm/cm' 

2.0 

basement 

topography 

5  in 

1  0 

total 

uncertainty 

A  GIG  * 

[1  error?]'1  - 

2.7  x  I0*4 

An  experiment  such  as  the  one  described 
in  this  paper  is  multidisciplinary,  requiring 
geophysics,  physical  oceanography,  and  ocean 
engineering.  The  goal  of  this  experiment  is 
to  use  the  ocean  as  a  natural  laboratory  for 
measurement  of  the  Newtonian  gravitational 
constant  at  a  kilometer  scale  length.  This  is  a 
unique  opportunity  for  geophysical  tech¬ 
niques  to  contribute  to  fundamental  physics 
by  testing  the  existence  of  intermediate-range 
gravitational  forces. 
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ABSTRACT 

Boundary  acoustic  reverberation  can  leak  through  the 
receive  beamformer  sldelobe  structure  of  an  active  sonar 
system  and  mask  the  presence  of  target  echoes.  Two 
classes  of  active  sonar  detectors  designed  to  combat  boun¬ 
dary  reverberation  are  developed  In  this  paper  and  a  two- 
beam  active  sonar  scenario  Is  set  up  Based  on  a  special 
reverberation  generator  (REVSIM).  the  Monte-Carlo  derived 
performance  of  the  two  systems  Is  then  evaluated  and 
compared  through  their  ROC  curves. 

I.  INTRODUCTION 

Acoustic  reverberation  is  a  phenomenon  which  active 
sonar  systems  have  to  combat.  Boundary  reverberation 
(surface  or  bottom),  can  leak  through  the  receive  beam- 
former  sldelobe  structure  and  mask  the  presence  of  target 
echoes.  One  Intuitive  approach  to  the  detection  problem 
suggests  the  use  of  an  adaptive  beamforming  structure 
which  dynamically  steers  spatial  nulls  In  the  direction  of 
the  boundary  patch  (surface  or  bottom)  responsible  for  the 
reverberation,  followed  by  a  matched  filter.  The  adaptive 
structure  is  known  as  a  noise  canceler  ( 1 ).  It  is  not  at  all 
clear  that  this  noise  canceler  structure  yields  an  optimal 
detector  (under  any  optimization  criterion).  Implementa¬ 
tions  of  such  adaptive  beamforming  structures  which  take 
advantage  of  the  spatial  separation  between  desired  signals 
and  boundary  reverberation  contaminants  are  presented  In 
(21  Additional  relevant  references  are  (3.4). 

Another  approach  suggests  treating  the  problem  as  a 
whole  right  from  the  beginning  without  Imposing  intuitive 
components  on  the  processor  structure,  and  using  all  a- 
priori  knowledge  available.  Detection  theory  provides  us 
with  a  mathematical  framework  out  of  which  optimum  pro¬ 
cessors  can  be  designed.  The  processor  will  evolve  out  of 
the  mathematical  solution  of  the  problem,  and  will  not  be 
restricted  to  using  familiar  structures.  Here,  any  uncertain 
parameters  are  treated  as  random  variables  and  all 
knowledge  about  them  Is  summarized  In  a-prlorl  probabil¬ 
ity  density  functions. 

Although  Bayes  optimal  processors  have  been  derived 
for  the  case  of  volume  reverberation  (5J,  little  work  has 
been  done  which  takes  advantage  of  a-prlorl  knowledge  of 
the  time-evolving  spatial  characteristics  of  boundary  rever¬ 
beration  Related  Bayes  optimal  work  concerning  Interfer¬ 
ence  sources  of  certain  and  uncertain  (but  not  time  vary¬ 
ing)  location  is  contained  In  (6)  and  (7-91  respectively. 

This  paper  considers  an  active  sonar  scenario  In  which 
the  sonar  array  Is  placed  at  a  relatively  shallow  depth  and 
Is  prone  to  surface  Interference.  The  array  depth  is  either 


known  or  unknown,  with  known  probability  density  func¬ 
tion  The  paper  then  examines  the  performance  of  two 
detectors  representative  of  the  detection  approaches  dis¬ 
cussed  above  using  a  reverberation  simulation  generator 
(REVSIM)  (10|  presented  at  IC/SSP88.  The  performance 
comparison  Is  made  in  terms  of  detector  ROC  curves. 

II.  OCEAN  ACOUSTIC  REVERBERATION 

In  general,  the  performance  ot  underwater  systems  Is 
limited  by  external  noise  sources  and  not  Internal  (thermal) 
noise.  In  the  absence  of  hostile  Jammers,  this  external 
noise  usually  Is  divided  Into  two  main  categories,  namely 
ambient  ocean  noise  and  reverberation.  The  systems  con¬ 
sidered  In  this  paper  are  assumed  to  operate  In  conditions 
which  dictate  that  performance  is  reverberation  limited. 

Reverberation  Is  the  result  of  scattering  of  energy  ori¬ 
ginating  from  the  propagating  pulse,  by  Inhomogenelties  In 
the  ocean  and  its  boundaries.  In  some  respects,  this  prob¬ 
lem  Is  akin  to  the  radar  clutter  problem.  Reverberation  Is 
usually  divided  Into  three  classes,  namely,  surface,  volume 
and  bottom  reverberation.  Irregularities  In  the  ocean  sur¬ 
face  and  the  acoustic  Impedance  contrast  of  the  air/sea 
interface,  gives  rise  to  surface  reverberation.  This  type  of 
reverberation  varies  with  wind  speed  and  transmission  fre¬ 
quency  (1 1-13],  In  the  ocean  body,  air  bubbles,  suspended 
sediment,  thermal  Inhomogenelties.  fish,  plankton,  and 
other  biological  sources  are  the  main  contributors  to  what 
Is  classified  as  volume  reverberation  |14|.  Bottom  rever¬ 
beration  is  caused  by  energy  scattered  from  the  sea  floor, 
and  is  highly  dependent  on  the  sea  floor  type.  Both  particle 
size  and  bottom  relief  are  important  factors  (15.161. 

In  general,  ocean  acoustic  reverberation  has  a  very 
complex  nature  and  a  highly  variable  power  spectrum.  In 
some  situations,  where  the  sonar  is  fairly  close  to  the 
ocean  boundaries,  or  when  Its  sidelobes  are  pointing 
towards  those  boundaries  the  energy  reflected  off  of  the 
boundaries  makes  a  significant  contribution  to  the  range- 
Doppler  map.  This  contribution  usually  has  a  sudden  onset, 
may  appear  at  nonzero  Doppler  frequencies,  and  therefore 
may  mask  legitimate  sonar  echoes. 

A  typical  range-Doppler  map  of  a  reverberation  return 
Is  shown  in  Figure  1.  it  was  generated  using  a  reverberation 
simulation  package  (REVSIM)  developed  for  this  research 
and  presented  at  1CASSP88  (10J.  Here,  the  vehicle  purpose¬ 
fully  was  given  a  relatively  high  speed  (30  m/s)  so  as  to 
well  separate  boundary  reverberation  from  volume  rever¬ 
beration  in  the  frequency  domain  and  make  each  of  them 
well  defined  The  range-Doppler  map  also  has  been  left 
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shifted  to  compensate  for  the  vehicle's  own  speed  Hie 
sonar  array  is  placed  at  a  depth  of  100  m.  where  the  ocean 
depth  is  400m.  The  transmit  beam  illuminates  a  sector  ±75* 
In  elevation,  and  the  receive  beam  spans  ±60*.  Early  In  the 
ping,  around  0.1  sec,  the  onset  of  the  surface  reverberation 
Is  easyly  seen.  It  slowly  creeps  towards  0  Doppler  Joining 
the  volume  reverberation  Around  0.5  sec,  the  onset  of 
bottom  reverberation  appears.  It.  too.  then  slowly  joins  the 
volume  revetberatlon  until  around  I  sec  the  two  spectral 
peaks  become  very  close. 

Ill,  SIGNAL  DETECTION  IN  BOUNDARY  REVERBERATION 

I  taditlonally,  sonar  systems  have  discriminated 
against  hotmdai y  icvribrinllim  by  foinilns  fivrd  irt  riving 
beams  which  have  low  sidclobe  characteristics  in  the 
duectmn  of  the  ocean  boundaries.  However,  the  energy 
leaking  through  the  low  sidelohes  may  still  be  a  major 
contributor  to  the  overall  noise  background  level. 
Furthermore,  since  the  sonar  system  can  be  moving  and 
varying  Its  depth  in  the  water  column,  the  direction  of 
boundary  reverberation  is  not  fixed. 

I  he  above  reasoning  led  many  researchers  to  propose 
using  an  adaptive  structure  In  order  to  track  the 
interference  direction  and  place  spatial  beamformer  nulls 
in  that  direction.  Such  a  beamformer  may  learn 
continuously  the  boundary  interference  direction  and 
adjust  Itself  to  cancel  it  out.  thereby  enhancing  signal  to 
noise  ratio  and  Improving  the  detection  performance. 
Implementation  of  such  an  ad-hoc  structure  follows  the 
lines  of  the  well  known  adaptive  noise  canceler.  In 
addition  to  a  main  beam  which  receives  well  in  the  desired 
look  direction,  one  or  more  reference  beams  are  formed. 
The  reference  beams  receive  well  In  the  direction  of  the 
boundary  Interference,  and  have  spatial  nulls  In  the  main 
look  direction  The  output  of  the  main  beam  contains  both 
the  desired  signal,  and  a  contaminant  which  is  the 
contribution  of  the  boundary  Interference  leaking  through 
side  lobes  or  the  edges  of  the  mam  lobe  Ideally,  the 
reference  beams  contain  only  a  replica  of  the  interference 
The  output  of  the  reference  beam,  or  beams,  is  processed 
by  an  adaptive  filter  and  men  subtracted  from  the  main 
beam  The  adaptive  filter  tries  to  provide  a  good  estimate 
of  the  interference  portion  of  the  main  beam  output,  and 
the  final  error  output  Ideally  contains  only  the  desired 
signal  Implementation  of  such  adaptive  reverberation 
cancellation  schemes  is  reported  in  |2).  The  boundary 
reverberation  canceled  output  of  the  adaptive  structure  can 
now  be  treated  as  containing  a  known  signal  In  noise  (the 
volume  reverberation),  a  classical,  solved  problem. 

Another  approach  suggests  treating  the  problem  as  a 
whole  right  from  the  beginning  without  Imposing  Intuitive 
components  on  the  processor  structure,  and  using  all  a- 
priori  knowledge  available.  Detection  theory  provides  us 
with  a  mathematical  framework  out  of  which  optimum 
processors  can  be  designed.  The  processor  will  evolve  out 
of  the  mathematical  solution  of  the  problem,  and  will  not 
be  restricted  to  using  familiar  structures. 

Although  Bayes  optimal  processors  have  been  derived 
for  the  case  of  volume  reverberation,  little  work  has  been 
done  which  takes  advantage  of  a  priori  knowledge  of  the 
time-evolving  spatial  characteristics  of  boundary 
reverberation.  Related  Bayes  optimal  work  concerning 
interference  sources  of  certain  and  uncertain  (but  not  time 
varying)  location  is  contained  In  (6|  and  (7-91  respectively. 


Here,  a  classical  detection  theoretic  approach  is 
applied  to  the  processing  of  a  vector  time  series  That 
vector  may  be  composed  of  the  single  array  element 
outputs,  or  of  some  preformed  beams.  An  optimality 
criterion  is  chosen,  and  then  the  processor  structure  Is 
allowed  to  evolve  freely  out  of  the  mathematical  solution 
of  the  problem.  Any  uncertain  parameters  are  treated  as 
random  variables  and  all  knowledge  about  them  Is 
summarized  in  a  priori  probability  density  functions. 

IV.  TWO  SONAR  PROBLEMS  AND  THEIR 
CORRESPONDING  DETECTORS 

The  problem  setting  Is  as  follows  an  active  sonar 
system  is  mounted  mi  an  undetwairr  platform  wlm li  is 
submerged  in  shallow  water  The  ocean  depth  Is  chosen 
such  that  there  Is  a  significant  no  overlap  zone  between 
the  two  boundary  (surface  and  bottom)  Interferences,  and 
therefore  only  one  of  them  Is  considered,  meaning  the 
detection  decision  Is  performed  In  the  no  overlap  zone. 
The  platform  s  depth  In  the  water  column  Is  either  known 
or  has  a  known  probability  density  function.  Sound  speed 
profiles  are  assumed  Isovelocity,  i.e.  acoustic  energy 
propagates  through  the  medium  In  straight  lines.  The 
platform  is  completely  stationary  In  the  water  column,  i.e. 
the  effective  own  Doppler  speed  Is  zero.  The  sonar's  front 
end  is  a  four  row  sensor  array  whose  preformed  beam 
outputs  are  available  to  the  processor  In  the  form  of  a 
sampled  vector  time  series  The  preformed  beam  ensemble 
contains  a  sum  beam  which  Is  formed  by  summing  all  row 
outputs,  and  a  difference  beam  formed  by  subtracting  two 
adjacent  row  outputs.  It  Is  further  assumed  that  the 
transmission  pulse  is  narrowband,  that  the  Incoming  signal 
characteristics  are  completely  known,  and  that  the  target  Is 
stationary.  The  sonar  is  assumed  to  be  limited  In 
performance  by  acoustic  reverberation  and  not  by  ambient 
ocean  noise 

Depicted  in  Figure  2.  The  two  sub  scenarios,  are  as 
follows 

1.  Platform  Is  at  a  fixed,  precisely  known  depth 

2.  Platform  is  at  an  unknown  depth,  but  the  depth 
probability  density  function 

is  known  precisely. 

As  discussed  above,  one  system  developed  here  uses 
an  ad  hoc  engineering  approach,  and  Is  Implemented  using 
an  adaptive  noise  canceler  followed  by  a  matched  filter. 
The  second  system  Is  developed  following  classical 
detection  theoretic  principles,  and  Implements  a  likelihood 
ratio  detector.  Figure  3  depicts  the  structure  of  the  two 
detectors. 

Since  the  transmitted  energy  Is  propagating  through 
the  water,  the  boundary  Interference  direction  Is  changing 
constantly  In  the  case  where  platform  depth  Is  known 
exactly,  the  Interference  direction  is  also  known  exactly. 
When  there  Is  uncertainty  In  platform  depth,  it  translates  to 
uncertainty  in  the  direction  of  the  Incoming  boundary 
interference. 

Studies  show  that  the  complex  envelope  magnitude  of 
acoustic  reverberation  is  Rayleigh  distributed,  and  that  the 
real  and  imaginary  components  of  this  envelope  are  Jointly 
Gaussian  distributed.  This  property  of  reverberation 
justifies  using  Gaussian  probability  density  functions  In  all 
the  derivations  of  the  Bayes  optimum  detectors  In  this 
paper 
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A  general  expression  for  the  likelihood  function  in  the 
case  of  a  known  signal  in  spatially  correlated  Gaussian 
noise  is  * 

piztii ,)  .  .  .  .  . 

MZ)  - - -  cxpl  -  (Z  -  m)  a  (Z  -  m)  +  Z  Q  *210 

rtf/»o> 

where  Z  is  the  observed  vector,  m  and  Q  are  the  observed 
vector  mean  and  covariance  matrix,  and  U0  and  M,  are  the 
signal  absent  and  present  hypotheses  respectively. 
Equation  (1)  serves  as  the  basis  for  computing  the  Bayes 
optimum  detectors  In  the  two  sub  scenarios  addressed  In 
tins  paper.  In  the  second  sub  scenario,  when  there  is  depth 
uncertainty  represented  in  the  form  of  a  probability 
density,  the  likelihood  ratio  Is  developed  through 
Integrating  over  the  uncertain  parameter 

V.  DETECTOR  EVALUATION  AND  COMPARISON 

The  array  used  In  the  comparison  Is  a  four  row  array, 
where  the  main  beam  was  composed  of  summing  all  four 
row  outputs,  and  the  refere"nr*  beam  was  generated  by 
subtracting  two  adjacent  row  outputs. 

Each  *  comparison  between  the  two  detection 
approaches  Is  based  on  a  Monte-Carlo  simulation  of  500 
runs.  Each  run  has  been  synthesized  using  a  unique  multi¬ 
channel  reverberation  time  series  generator  |I0).  In  the 
first  comparison  made,  the  sonar  array  was  placed  at  a 
known  depth,  and  the  Bayes  optimum  detector  was  given 
that  depth.  Signal  to  surface  interference  ratio  was  set  to 
2.8.  The  comparison  Is  made  In  terms  of  Receiver  Operating 
Characteristic  (ROC)  curves,  which  present  the  probability 
of  detection  as  a  function  of  the  probability  of  false  alarm, 
and  summarize  completely  the  detector  performance. 
Elgure  4  shows  the  ROC  curves  of  both  detectors, 
Obviously,  the  Bayes  Optimum  detector  (ROD)  performs 
better  than  the  ad-hoc  Adaptive  Noise  Canreler  (ANC). 

In  the  next  comparison,  array  depth  is  not  a  known 
quantity.  What  Is  known  Is  its  probability  density  function, 
which  is  assumed  uniform  between  3  m  and  57  m.  This 
way,  the  average  depth  is  kept  the  same  as  the  previous 
comparison's  depth  (30  m)  The  comparison  Is  based  again 
on  500  Monte-Carlo  simulation  runs,  where  the  array  was 
placed  physically  at  various  depths,  commensurate  with  a 
uniform  distribution.  Tlgure  5  shows  the  ROC  curves  for 
this  comparison. 

The  ROD'S  performance  has  degraded,  but  with  this 
level  of  uncertainty,  it  is  still  performing  belter  than  the 
ANC. 

VL  SUMMARY 

This  paper  has  developed  two  active  sonar  detectors 
for  a  specific  boundary  reverberation  problem  and  has 
compared  their  performance  As  expected,  the 
performance  of  the  optimum  detector  was  shown  to  be 
better  than  that  of  the  ad-hoc  detector. 
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Figure  1,  Typical  reverberation  range-Doppler  map 
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Figure  3.  The  two  detector  structures 
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